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FOREWORD 

The  process  of  slip  casting  fused  silica  has  been  under  development  at 
Georgia  Tech  since  1956.  Soon  after  the  initial  work  with  slip' oast  fused 
silica  it  was  noted  that  this  material  exhibited  a  number  of  the  desirable 
properties  of  transparent  fused  silica,  such  as  a  very  low  coefficient  of 
thermal  expansion  and  a  dielectric  constant  and  loss  tangent  which  changed 
very  little  with  changes  in  temperature  and  frequency.  Other  properties  were 
considerably  different  such  as  opaqueness  to  radiation  and  lower  thermal  con¬ 
ductivity  and  dielectric  constant  than  the  transparent  material.  In  addition 
the  slip  casting  process  allowed  the  formation  of  large  and  intricate  shapes 
which  would  be  prohibitively  expensive,  if  net  impossible, using  the  conventional 
molten  fused  silica  techniques. 

Early  in  the  work  with  this  material  it  became  apparent  that  slip-cast 
fused  silica  should  be  an  ideal  material  for  such  hypersonic  aerospace  appli¬ 
cations  as  radomes,  EM  windows  and  leading  edges.  In  1964  Georgia  Tech 
published  two  handbooks;  “Fused  Silica  Manual"  by  J,  D.  Fleming  and  "Slip- 
Cast  Fused  Silica"  by  J,  D.  Walton,  Jr. ,  an'1  N.  E.  Poulos,  The  "Fused  Silica 
Manual"  was  a  compilation  of  available  property  data  on  transparent  fused 
silica-and  slip-cast  fused  silica.  "Slip-Cast  Fused  Silica"  was  primarily 
concerned  with  the  fabrication,  properties  and  environmental  evaluation  of 
slip-cast  fused  silica  materials. 

Since  1964  the  quality  control  of  commercially  available  fused  silica 
slips  has  been  considerably  improved  and  a  higher  purity  raw  material  ha3 
been  used  to  make  a  far  superior  fused  silica  slip.  For  identification,  the 
two  available  types  of  fused  silica  slip  are  referred  to  in  this  manual  as 
(1^  technical  grade,  and  (2)  high  purity. 


In  addition  to  the  improvement  in  fused  silica  slips  since  1964,  a 
considerable  amount  of  work  has  been  accomplished  in  developing  design 
procedures.  These  procedures  include  mechanical,  electrical,  and  thermal 
design  and  the  design  of  attachment  systems  for  radomes.  Although  the  data 
presented  in  this  manual  can  be  used  for  general  design  purposes,  they  are 
collected  and  presented  in  such  a  way  as  to  be  of  maximum  value  to  the  radome 
designer.  This  manual  is  prepared  with  the  intent  of  providing  the  designer 
or  engineer  with  the  data  and  background  necessary  to  specify  the  fused  silica 
raw  materials  and  the  fabrication  of  the  raw  material  into  finished  hardware,  to 
design  the  radctne  and  attachment  system}  and  to  qualify  the  finished  radome  for 
environmental  or  flight  testing. 

This  manual  has  been  divided  into  two  volumes.  Volume  1  describes  the 
fused  silica  raw  material,  its  processing  into  slip,  the  fabrication  of 
hardware,  including  casting,  drying  and  sintering,  and  the  physical  and 
mechanical  properties  of  slip-cast  material.  The  data  in  this  volume  can  be 
of  assistance  in  designing  any  item  to  be  fabricated  from  slip-cast  fusod 
silica  and  is  not  limited  to  the  design  of  radomes  or  other  military  hardware. 
Volume  II  provides  information  specifically  for  the  design  of  radomes  and 
attachments  and  data  on  rain  erosion  costing  and  rain  erosion  resistance  of 
slip-cast  fused  silica.  This  volume  is  intended  primarily  for  those 
interested  in  the  design  of  radomes  only. 


VOLUME  I 


ABSTRACT 

This  volume  provides  a  summary  of  the  current  status  of  the  knowledge 
of  designing  slip-cast  fused  silica  hardware.  It  is  intended  to  provide 
the  user  with  a  basic  knowledge  of  the  material  and  processing  techniques 
as  well  as  basic  design  information.  Pages,  figures  and  tables  have  been 
numbered  by  chapters  so  that  the  manual  can  be  easily  expanded  as 
additional  information  is  developed.  Subjects  covered  in  this  volume 
are:  fused  silica  raw  material  preparation,  size  reduction  and  slip 
preparation,  slip  casting,  drying  and  firing  and  room  temperature  and 
elevated  temperature  properties. 
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CHAPTER  I 


INTRODUCTION 

1.1  Background 

Silica  (silicon  dioxide,  Si02)  exists  in  several  crystalline  forms  in 
nature.  The  most  abundant  forms  are  quartz  sand  and  quartz  crystals.  Fused 
silica  is  an  amorphous  (non-crystalline)  form  of  silica  and  is  usually  prepared 
by  the  flame  or  arc  fusioi  of  quartz  sand.  If  a  very  high  purity  fused  silica 

N.  ' 

product  is  desired,  high  purity  quartz  crystals  or  synthetic  SiO^  are  the 
materials  fused. 

Another  crystalline  form  of  Si02  which  is  important  to  the  discussion  of 
fused  silica  and  its  properties  is  cristobalite.  Fused  silica  begins  to 
convert  to  cristobalite  at  high  temperatures  beginning  at  about  1600°  F  and 
continuing  to  the  melting  point.  The  rate  of  formation  of  cristobalite  is 
dependent  on  many  factors  including  the  presence  of  other  crystalline  forms  of 
SiC>2,  impurities,  atmosphere,  time  and  temperature.  Cristobalite  exists  in 
two  crystalline  forms:  o?-cristobalite  below  about  400  to  500°  F  and  $- 
cristobalite  above  this  temperature.  The  transformation  (inversion)  from  one 
form  to  the  other  is  accompanied  by  a  large  volume  change  with  resultant 
stresses  developed  within  the  fused  silica  structure.  Hence,  if  cristobalite  is 
present  in  excessive  amounts  the  inversion  will  weaken  or  completely  destroy  a 
fused  silica  article. 

,  Probably  the  single  most  attractive  property  of  fused  silica  is  its  high 
resistance  to  thermal  shock.  This  resistance  is  due  primarily  to  its  extremely 
low  coefficient  of  thermal  expansion,  0.3  x  10"^  in/in/°F,  Because  of  this 
property,  fused  silica  has  long  been  used  in  ajplications  where  articles  are 
subject  to  rapid  changes  in  temperature, such  as  high  intensity  lamps  and 
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laboratory  ware.  It  has  also  found  use  where  high  dimensional  stability 
is  required,  in  such  as  telescope  mirrors  and  other  precision  optical  products. 

One  of  the  reasons  that  the  use  of  fused  silica  has  not  been  more  wide¬ 
spread  is  the  difficulty  of  working  it.  Fused  silica  cannot  be  said  to  have 
a  true  melting  point  in  the  sense  that  there  is  an  abrupt  change  in  viscosity 
at  a  certain  temperature.  Figure  1-1  shows  the  viscosity  of  fused  silica 
with  respect  to  temperature  from  1400°  to  4400°'  F.  ASTM  C338  defines  the 
softening  point  of  a  glass  as  a  temperature  at  whicn  a  uniform  fiber  0.55 
to  0.75  mm  in  diameter  and  23.5  wm  in  length,  elongates  under  its  own  weight 
at  a  rate  of  1  mm  per  minute  when  the  upper. 10  cm  of  its  length  is  heated  in  a 
specified  furnace  at  the  rate  of  5°  C  per  minute,  For  a  glass  of  the  density 
of  fused  silica,  this  temperature  corresponds  to  a  viscosity  of  10'*  poises. 
Examination  of  Figure  1-1  shows  this  to  be  at  a  temperature  of  approximately 
3100°  F,  This  is  the  number  normally  quoted  as  the  melting'  point  of  fused 

silica.  However,  to  work  a  glass  properly  the  viscosity  must  be  on  the  order 
4 

of  10  poise.  Examination  of  Figure  1-1  shows  that  this  viscosity  is  not 
reached  until  a  temperature  of  approximately  4500°  F.  Working  at  these  high 

■>.;  j 

temperatures  makes  fused  silica  articles  very  costly,  especially  for  large 

,n 

sizes.  - 

In  1956  the  Georgia  institute  o£  Technology  began  working  with  a  i 

rebonded  form  of  fused  silica.  This  technique  involved  the  process  of  slip 
casting.  It  provided  fabrication  techniques  for  forming  large  and  intricate 

.  r 

shapes  to  close  tolerances  which  would  be  prohibitively  expensive  using  the 
conventional  molten  silica  forming  techniques.  The  rebonded  fused  silica 
shapes  can  be  processed  at  temperatures  from  1800°  to  2400°  F  and  can  be 
produced  with  densities  from  30  lb/ ft  to  densities  approaching  the  139  lb/ ft 


of  the  conventional  fused  silica. 
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Some  of  the  physical  properties  of  the  rebonded  fused  silica  are  con¬ 
siderably  different  from  the  conventional  fused  silica  while  some,  such  as 
thermal  expansion  and  specific  heat,  are  unchanged.  As  the  proper! ies  of 
this  new  class  of  materials  were  investigated,  it  became  apparent  that  re¬ 
bonded  fused  silica  had  the  properties  required  for  use  in  aerospace  application 
such  as  leading  edges,  nose  cones,  and  radomes.  Since  1956  the  majority  of 
the  structural  work  with  slip-cast  fused  silica  has  been  directed  toward  its 
application  as  a  radome  material.  This  was  due  primarily  to  the  excellent 
electrical  properties  of  this  material.  As  requirements  for  radome  materials 
have  become  increasingly  more  stringent,  slip-cast  fused  silica  has  emerged 
as  one  of  a  very  few  non- composite  materials  which  can  meet  present  and 
future  req^  ments.  Since  the  majority  of  the  current  interest  is  in 
radome  applications,  this  design  manual  is  primarily  directed  at  the  design 
and  fabrication  of  radomes.  However,  this  does  not  preclude  the  use  of  slip- 
cast  fused  silica  for  other  aerospace  applications. 

1,2  feulome  Materials 

Slip-cast  fused  silica  is  one  of  a  very  few  materials  that  is  suitable 
for  use  in  radome  and  loading  edge  applications  above  Mach  5;  however,  as 
requirements  for  missile  speeds  increase,  improvements  are  needed  in  ablation 
and  rain  erosion  resistance  of  slip-cast  fused  silica.  At  the  same  time  that 
improvements  are  sought  in  these  two  areas,  every  effort  should  be  made  to 
retain  the  other  desirable  physical  and  electrical  attributes  of  slip-cast 
fused  silica. 

The  selection  of  a  hypersonic  radome  material  is  based  on  these  criteria 
(1)  dielectric  ropertios,  < 2)  weight,  (3)  thermal-iucchanieal  rosponse , 


(4)  thermal  shock  resistance,  and  (5)  rain  erosion  resistance.  The 
capabilities  and  limitations  of  slip-cast  fused  silica  in  each  of  these 
areas  are  as  follows: 


1.2,1  Dielectric  Properties 

The  dielectric  properties  of  importance  in  radome  design  are  the 
dielectric  constant  and  loss  tangent  and  the  change  in  these  properties  over 
the  range  of  frequencies  and  temperatures  for  which  the  radome  is  being 
designed.  In  most  cases  the  dielectric  constant  should  be  less  than  ten,  with 
not  more  than  10  per  cent  variation  in  that  value  over  the  anticipated  tempera¬ 
ture  range.  In  addition,  the  value  for  the  loss  tangent  should  be  less  than 
0.01.  Figure  1-2  shows  the  dielectric  constant  at  8  to  10  GHz  as  a  function 
of  temperature  for  a  number  of  candidate  radome  materials.  It  can  be  seen 
that,  compared  to  most  other  ceramics  slip-cast  fused  silica  has  a  low  and 
relatively  stable  dielectric  constant.  A  low  dielectric  constant  is  desirable 
since  it  allows  a  greater  tolerance  in  the  wall  thickness  of  a  radome, 

Figure  1-3  is  a  plot  of  loss  tangent  versus  tempera  t*-  for  the  same  candidate 
radome  materials.  It  can  bo  seen  that  slip-cast  fused  silica  and  several 
others  have  an  acceptable  value  of  less  than  0.01  at  temperatures  up  to 
2500°  F. 


1.2.2  Weight 

The  weight  of  a  particular  radome  is  a  function  of  its  shape  and 
dielectric  constant  because  of  electrical  and  aerodynamic  constraints.  The 
relatively  low  dielectric  constant  of  slip-cast  fused  silica  results  in 
thiekor-wailed  radomes;  however,  the  thicker  wail  does  not  present  a  weight 
problem  because  of  the  low  density  of  slip-cast  fused  silica.  The  relative 
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weight,  of  slip-cast  fused  silica  for  a  half-wave  wall  radome  operating  at  X- 
band  frequencies  is  compared  with  other  ceramic  radome  materials  in  Table  1-1. 


TABLE  1-1 

WEIGHT  PARAMETER  FOR  RADOME  MATERIALS 


Material 

Density  (p) 

Dielectric 
Constant  (e)w 

Weight 

Parameter 

(ib/in^) 

0 

A 

Al2°3 

0,137 

9.t»0 

0.044 

BeO 

0.105 

b.60 

0,041 

Card ier ice 

Glass  Ceramic 

0.094 

5.60 

0,040 

Vi tteous  Silica 

0,079 

3,85  . 

0,046 

Cordierite 

(Slip-Cast) 

O.uSS 

A.  80 

0,019 

sers 

0,069 

.  1,30 

.  0,038 

*‘A  ■ 

0.086 

3,60  . 

■■>«*  ' 

8i« 

0.045 

3,01 

0.024. 

a 

Measured  at  .8 

to  10  £ftt. 

1,2.3  _  Tlie.tfts 

[  1  •-Mechanic^  1 .  Re,«pno#$ 

th#  relatively  lew  tans  lie  (2500  p«t)  and  (50OO 


strength  of  slip-cast  fused  silica  hast  been  considered  b>*  sense  to  be  um.-  low 
for  sraikxae  applications.  However,  experience  has  shewn  that  those  strength 
levels  ate  sufficient  .for  aero-tawchahleal  loads  associated  with  t.ypersonic 
wissilc  flight.  Witli  cmnci  other  ratknse  nateriais,  high  strength  t«  required 
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to  survive  the  thermal  shook  associated  with  such  flight  environments.  How¬ 
ever,  the  low  thermal  expansion  of  slip-cast  fused  silica  results  in  low 
thermal  stresses,  and  therefore,  little  strength  is  required  to  resist  these 
stresses.  Another  property  of  SCFS  which  is  attractive  for  high  temperature 
applications  is  the  fact  that  its  strength  increases  with  increasing 
temperature  up  to  about  2000°  F. 

1,2.4  Thermal  Shock 

Hie  thermal  shock  properties  of  slip-cast  fused  silica  are  well 
known,  and  the  ability  of  this  material  to  withstand  thermal  shock  may  be  its 
single  most  attractive  property,  the  low  thermal  expansion  of  this  material 
gives  slip-cast  fused  silica  its  unique  resistance  to  thermal  shock, 

1 « ? .  *  Ka .)  Brag  Ion 

..If  slip-cast  fused  silica  has  a  disadvantage  when  compared  to  other 
ceramie  materials,  it  would  he  in  rain  erosion  resistance,.  &  ranking  &t  rain 
erosion  resistance  of  possible  radoae.  trateriala- in  order  ©i.  desreatihg  rain 
eras  ion  ..resistance  would  be  in  three  gene  rat  categories  $  goad,  fair  and 
poor.  In  this  grouping  At^  and  bed  you  Id -be.  good,  Curdle* ite  glass  ceramic 
and  slip-cast  cerdierite  fair,  and' slip-cast  fused  silica  andiph$  pany,  At 
this  tree,  the  data  necessary  to  classify  as  gaud  or  fair  are  «#t 

available,,  however,  the  very  hard  nature  of  (hardness  and  sail) 

and  the  high  nadulus  of  this  tutorial  suggest  that  it  should  he  superior;, fee 
both  jfesms  of  curd ier tie. 

It  should  be  pointed  out  in  principle  that  the  sadomc  shape,  as  related 
■to  impact  angle,  can  be  designed  to  reduce  the  rain  erosion  damage  to  any 
material,  iketoiwee,  if  a  sufficiently  small  cone  angle  is  used  fur  the 


forward  portion  of  the  radotne,  and  if  a  protective  tip  is  employed  all 
candidate  materials  can  survive  encounter  with  rain  at  Kach  6.  Hie  intrinsic 
rain  erosion  resistance  of  the  material  used,  however,  will  determine  the 
allowable  angle  of  attack  and,  therefore,  the  manueverability  of  the  vehicle 
in  rain. 

It  should  be  pointed  out  that  Che  uilica-based  materials  may  exhibit 
improved  rain  erosion  resistance  at  high  tempera  teres.  Preliminary  experi¬ 
ments  at  Georgia  Tech  indicate  that  Che  impact  damage  mechani  Sni  in  slip-cast 
fused  silica  produced  by  lead  pellets  from  a  12-gauge  shotgun  undergoes 
considerable  change  between  roam  temperature  ard  3000®  F, 

When  slip-cast  fused  silica  and  dense  fused  silica  glass  wsw  evaluated 
at  Haeh  3,  it  was  found  that  tire  erosion  resistance  of  the-  dense  material  was 
superior  to  the  slip-east  J /.  When  these  soiortals  were  run  at  .Hath  3 „  it 
was  found  that  the  dense  Gloria l  failed  eatastros&lcaUy,  vhecuas,  the  slip* 
cast  material  mt&lf  increased  in  erosion  rate  over  th&t  of  the  |^»«h'  3 
envisenawmt  $/,  it  was  also  found  that  dense  .strong  materials  {loch  » Up¬ 
cast  oordierite  also  failed  eatastroplilealiy  as  l&n?h  '*  when  the  tip  am  w 
mt  protected,  tl? is  reversal  in  mitit  suggests  that  .strong  -deoiit  materials 
«*y  show  relatively  poor  rain  erosion  res i stance  at  hypersonic  velocities,  " 

1,1 .  jGeneral  Comparison  $lif>»Cafti  Fused  Silica  JPrguvgrtijg^  filth  y r 
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Table  1-2  compares  .proper ,ies  of  slip-cast  fused  silica  with  clear  fused 
silica  aids)  several  other  eetrawte  featuriais.  tire  properties  iha t  aw&e  slip- 
ca-it  fused  silica ' attractive  lor  aerospace  applications  are  its  low  theme*! 
conductivity,  Dtenu!  expansion.,  dielectric  constant,  Joss  tangent,  afed 
density,  Disadvantages  appear  to  be  its  low  tensile  and  iSesural  strewgrts 
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and  its  water  absorption.  However,  the  strength  is  sufficient  for  applied 
mechanical  stress,  and  the  -low  thermal  expansion  prevents  thermal  stresses 
from  becoming  a  problem.  Slip-cast  fused  silica  is  also  unique  in  that  it 
becomes  stronger  with  increasing  temperature.  The  problem  of  water 
absorption  may  be  overcome  by  sealing  with  an  organic  coating. 
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CHAPTER  II 

RAW  MATERIAL  AND  FUSED  SILICA  SLIP 

2.1  Raw  Material 

At  present,  two  types  of  fused  silica  slip  are  available  commercially. 
For  convenience,  these  types  will  be  referred  to  as  technical  grade  and  high 
purity.  The  major  difference  is  in  the  chemical  purity  of  the  slip;  the 
degree  of  purity  results  from  differences  in  starting  materials  and  milling 
techniques.  High  purity  slips  have  lower  alkali  and  alkaline  earth  content 
than  technical  grade  materials. 

The  raw  material  for  the  technical  grade  fused  silica  is  generally 
prepared  by  fusing  a  high  quality  quartz  sar',  either  by  electric  arc  melting 
or  by  flame  fusion.  The  material  generally  retains  some  residual  porosity 
and,  in  addition  to  the  impurities  present  in  the  sand,  may  pick  up  further 
impurities  from  the  graphite' electrodes  used  in  the  arc  fusion  process.  The 
resulting  fused  silica  is  translucent  to  opaque  and  ranges  in  color  from  off 
white  to  dark  gray  or  even  black,  depending  on  the  carbon  and  oxygen  content. 
The  slips  produced  from  these  materials.^, range  from  off  white  to  gray. 

The  raw  material  for  high  purity  fused  silica  slip  is  a  transparent 
high  purity  grade  of  fused  silica  and  is  produced  in  a  number  of  ways.  All 
commercially  produced  slips  described  in  this  manual  were  produced  from 
transparent  vitreous  silica  produced  by  the  electric  melting  of  selected  high' 
purity  quartz  crystals  in  vacuum  or  low  pressure  inert  gas.  Such  a  method  of 
production  results  in  negligible  hydroxyl  content  and  virtually  the  same 
metallic  impurities  as  in  the  starting  quartz  crystals.  Table  2-1  gives 
spectrochumical  analysis  for  a  typical  high  purity  and  a  typical  technical 


grade  fused  silica  starting  material.  A  second  fusion  method  is  the  flame 
fusion  of  high  purity  quartz  powder  in  an  oxyhydrogen  flame.  The  molten 

S. 

particles  impinge  on  a  heated  surface,  and  build  up  a  vitreous  boule.  The 
fused- silica  from  this  process  contains  from  ChQ15  to  0.04  weight  per 
cent  (w/o)  hydroxyl  from  the  flame,  and  is  slightly  lower  in  metallic 
contaminants  than  the  starting  quartz  powder  due  to  volatilization.  The 
third  method  utilizes-  synthetic  silicas  which  have  lower  metallic  impurity 
levels  than  either  of  the  two  types  above.  The 'first  of  these  is  formed  by 
vapor  phase  hydrolysis  of  a  highly  purified  silica  compound  such  as  silicon  ' 
tetrachloride,  followed  by  fusion  of  the  silica  in  an  oxyhydrogen  flame. 

This  process  yields  high  (up  to  0.1  w/oj  hydroxyl  content  but  virtually  no 
metallic  contaminant.  The  material  is  produced  by  the  'oxidation  of  silicon 
tetrachloride  and  subsequent  fusion  of  the  silica  in  a  "water  free"  flame 
such  as  an  oxygen/argon  plasma.  The  resulting  silica  contains  virtually  no 
impurities,  either  as  hydroxyl  or  metals.  At  present  there  are  no  indications 
that  any  of  these  materials  are  not  suitable  for  high  purity  fused  silica  slip 
production. 


2.2  Slip  Production 

Fused  silica  is  an  unusual  material  in  that  casting  slips  can  be  prepared 
with  this  material  without  the  aid  of  the  acid  treatment,  deflocculants  and 
suspension  aids  which  are  required  with  most  other  oxides.  This  is  generally 
attributed  to  the  fact  that  the  silicon  atoms  in  truncated  tetrahedra  e.c  the 
surface  of  silica  particles  complete  tetrahedral  coordination  by  attaching 
a  hydroxyl  ion  in  place  of  the  missing  oxygen  atom.  This  layer  of  bound 
hydroxyl  promotes  slip  stability  and  controls  the  pH  of  the  slip. 
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Mil ling/ must  be  carried  out  in  water,  as  dry  grinding  followed  by 
dispersion  will  not  give  the  desired  degree  of  hydration  for  a  stable  slip, 
even  through  the  use  of  wetting  agents.  Also,  it  is  doubtful  that  the 
particle  size  distribution  produced  by  dry  grinding  would  be  as  suitable 
for  a  slip  as  that  provided  by  wet  grinding.  Standard  porcelain-type  mills 
are  suitable  for  technical  grade  slips  since  the  impurity  level  of  the  starting 
material  is  comparable  to  the  level  of  alkali  and  alkaline  earth  impurities 
picked  up  from  the  mill  lining.  However,  85  per  cent  alumina  mills  and  grind¬ 
ing  media  are  recommended  for  technical  grade  slips  and  are  mandatory  for 
high-purity  slips.  The  higher  purity  and  density  of  the  mill  lining  provides 
less  contamination  through  mill  wear  and  lower  levels  of  harmful  impurities 
in  the  material  from  the  mill  and  grinding  media.  Ninety-nine  per  cent-plus 
alumina  mills  are  not  recommended  because  of  their  rapid  wear  rate  and  added 
cost. 

When  granular  materials  are  used  as  mill  feed  they  should  be  minus  eight 
mesh,  if  the  feed  is  in  the  form  of  tubing  cullet  or  a  thin  flake  material 
and  will  fracture  readily,  much  coarser  feed  may  be  used.  If  the  feed  has 
been  crushed  in  iron  bearing  crushers,  some  provision  must  be  made  for 
removing  excess  iron  contamination.  Magnetic  methods  are  satisfactory  for 
technical  grade  materials,  but  washing  with  concentrated  hydrochloric  acid 
diluted  3:1  may  be  necesary  to  obtain  sufficient  iron  removal  in  a  high- 
purity  slip. 

The  following  example  is  illustrative  of  the  milling  process  for  a  ono- 
gallon  batch  of  high  purity  fused  silica  slip  and  shows  the  changes  occurring 
during  milling. 


i-4 


A  one  gallon  batch  of  high  purity  fused  silica  casting  slip  was  milled 
from  cleaned  transparent  fused  silica  tubing  cullet.  xhe  cullet  was  milled  : 
with  deionized  water  in  four  85 -per  cent  alumina  one-gallon  mills  with  85 
per  cent  alumina  grinding  media  in  the  form  of  5/8-inch  dirmcter  spheres. 

The  mill  cavity  was  8  inches  in  diameter.  Each  mill  charge  was  as  follows: 


4600  gms  -  85  per  cent  alumina  grinding  media 
1380  gms  -  transparent  fused  silica  tubing  cullet 
390  gms  -  deionized  water  , 

The  mill  charge  was  initially  82,6  w/o  solids.  The  slip  was  ground  at  a  mill 
speed  of  approximately  60  to  65  revolutions  per  minute,  which  is  60  per  cent 
of  critical  speed  for  the  mill,  Critical  speed,  the  speed  at  which  the  radial 
G  forces  on  the  grinding  media  cause  them  to  ride  the  mill  lining,  is 
calculated  from 


54.19 


(2-1) 


where  -  critical  speed,  rptn,  and 
R  s  mill  inside  radius,  feet. 

At  intervals,  50  ml  samples  of  slip  wore  withdrawn  from  one  of  the  mills 
and  used  for  the  determination  of  pH  and  particle  size  distribution.  Particle 
size  distributions  were  checked  until  mean  particle  diameter  had  been 
indicated,  and  in  several  cases  the  distributions  were  extended  to  finer 
particle  fractions.  Analysis  was  based  on  ASTM  0422.  Plots  ot  the  particle 
sice  distributions  for  various  milling  times  arc  shown  in  Figure  2-1. 

Figure  2-2  is  a  plot  of  mean  particle  diameter  as  a  function  of  milling 
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time.  All  slips  tended  to  settle  badly  until  the  mean  particle  diameter  was 
brought  down  to  approximately  eight  microns. 


During  milling,  the  particle  size  curves  changed  from  an  apparently 
bi-modal  distribution  at  4  and  8  hours  (reflecting  a  remnant  feed 
distribution)  to  the  usual  log  normal  distribution.  As  reported  in  the 
literature  3/,  slips  with  10  to  15  per  cent  of  the  particles  larger  than 
60  yn diameter  were  unstable  and  tended  to  settle.  After  24  hours  of  milling, 
this  condition  was  no  longer  observed,  and  the  slip  was  stable.  With  increased 
milling  time,  the  pH  of  the  slip,  shifted  from  neutral  to  acidic  as  seen 
Figure  2-3,  The  pH  appears  to  be  a  function  of  slip  particle  specific  surface 
and  the  degree  of  hydration  of  the  particles.  The  final  mean  particle  diameter 
of  the  slip  was  finer  titan  would  be  used  for  most  liardwatt.  applications. 

Unfortunately,  it  is not  possible  directly  to  scale-up  ball  and  feed 
charges  and  milling  times  to  production  site  mills.  It  is  necessary  to 
adjust  these  parameters  experimentally  for  each  mill. 

2.3  •  Ffopertles , of Fused  §f|lea  Casting  Slips 

-Many  of-  'the-  properties  of  fused  silica  slips  :wdre;  siaasarided  by 
flurphy  2/  in  1$08  in  a  study  tliat  ,eom^i.red  fourteen  technical  grade  slips 
and  one  High-purity  slip.  Since  that  tima.  High-purity  slip  las  became 
available  commercially,  and  technical  grade  slips  lave  been  -  improved  to  a. 
more  v.  *nsiateat  level,.  As  a  result,  much  of  the  data  previously  reported 
are  no  longer  applicable,  particularly  the  speetrographie  analyse*.  ■  -the 
following  data  were  collected  from  slips  produced  from  late  1968  to  late 
1971  and  are  core  representative  of  currently  a  liable  materials. 


-.iygi««<M>B<aa^^  itl'.'OiWy1'11* 


Analyses  of  two  technical  grade  and  nine  high  purity  fused  silica 
slips  are  shown  in  Table  2-2.  Analyses  were  made  by  emission  spectroscopy, 
with  the  exception  of  the  alkalies,  which  were  determined  from  flame  photo¬ 
metry,  From  these  results,  it  can  be  seen  that  the  term  whigh  purity**  when 
used  to  describe  the  fused  silica  slip  is  somewhat  of  a  misnomer.  The 


milling  process  adds  so  many  impurities  that  it  becomes  difficult  to  detect 
the  difference  in  chemical  analyses  between  the  two  types.  In  Table  2-1, 

Chore  is  an  order  of  magnitude  difference  in  cite  amounts  of  CaO  and  two  orders 
of  magnitude  difference  in  fig©  between  the  high  purity  and  the  technical  grade 
fused  silica  mill  feed.  After  milling,  the  difference  in  alkaline  earth 
content  as  shown  between  the  two  types  in  Table  2-2  is  considerably  less. 

Based  on  the  slips  presented  in  Table  2-2,  the  minimum  value  for  the  alkaline 
earth  oxide  content  in  die  technical  grade  matt  rial  is  Q.*4  per  cent,  while 
the  -saxiMiia  for  the  nine  high-purity  slips  is  tier  cent.  While  an 
empirical  upper  limit  of  ©.IS  per  cent  alkaline  earth  oxide  might 'be' 
established  as  a  boundary  between,  technical  grade  and  high-purity. materials,  ' 
'it  is  believed  that  the  rate  of  dnvi *. gif teat  fom  may  be  partially  controlled  - 
by  the  location  «  t  the  impurities.  Ikt  is*  the  impurities  located  within 
the  fused  silica  glass  starting  material  . may  have  a.  much  wore  profound,  effect 
on  devitrification  than  the  same  aireont  and  type  of  impurities  interspersed 
between  the  fused,  silica  grains  during  the  milling  process. 

Devitrification  »ay  also  be  partially  controlled  by  re&anent  crystalline 
nuclei  present  in  the  technical  grade  material.  Therefore,  it  is  not  possible 
to  isolate  fully  the  controlling  factors  in  devitrification  rate  at  this  time. 
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2.3.2  Physical/Chemical  Properties  “  ■ 

The  physical  and  chemical  properties  of  the  same  fused  silica  slips 
are  summarized  in. Table  2-3.  The  pH  is  primarily  a  function  of  particle,  size 
and,  therefore j  surface  area.  More  finely  ground  slips  generally  have  lower 
pH  values.  The  viscosity  varies  inversely  with  mean  particle  diameter  and 
directly  with  the  weight  per  cent  solids.  It  should  be  painted  out  that  this 
holds  true  only  for  slips  milled  with  no  attempt  to  control  pH.  Earlier 
slips  in  some  instances,  were  made  more  viscous  by  shifting  the  pH' by  acid 
pr  base  additions.  Apparently  the  pH  as  a  result  ofogrinding  results  in  a 
minimum  viscosity,  maximum  stability  slip. 

,  2,3.3  Particle  Size  and  Distribution 

The  particles  in  a  fused,  silica  slip  will  range  from  50  to  60  p 
on  down  to  sub  micron  sizes.  The  particles  are  of  irregular,  angular  shape, 
often  occurring  in  thin  flakes  as  shown  in  Figure  2-4,  The  particle  size 
distribution  is  generally  considered  to  be  log  normal  and  as  a  result  will 
usually  plot  as  a  straight  line  on  log  probability  as  in  Figure  2-1.  The 
particle  size  distribution  for  the  nine  slips  described  above  is  shown  in 
Figure  2-5  as  plots  of  cumulative  weight  per  cent  undersize  versus  log 
diameter.  Tb'se  measurements  were  made  by  the  sedimentation/hydrometer  method 
Qjt  specified  in  ASTil  D422  with  the  exception  of  and  HP^,  which  were  made 
with  a  Coulter  Counter.  The  distribution  is  quite  similar,  having  approxi¬ 
mately  the  same  slope  in  the  straight  line  portion  and  differing  only  in 
mean  particle  size. 

2,4  Fused  Silica  Slip  Specifications 

A  fused  silica  s'*  ip  specification  prepared  at  Georgia  Tech  1/  is  attached 
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as  Appendix  I.  It  should  be  noted  that  this  specification  applies  only  to 
high-purity  slips*  Briefly,  the  specification  requires  that  the  slip  meet 
the  following  requirements. 


1.  A  residue  of  not  more  than  5  weight  per  cent  retained  on  a 
325  mesh  screen. 


2.  A  minimum  SiC^  content  of  99.5,  with  less  than  50  ppm  total 
alkali  metals,  (sodium,  potasium  lithium)  and  less  than 
300  ppm  total  alkaline  earth  oxides  (calcium  and  magnesia). 


3.  No  detectable  crystalline  silica  in  the  slip. 


4.  Maximum  water  content  of  18  weight  per  cent. 

Mean  particle  size  can  be  specified  to  suit  individual  needs.  For  example, 
thick  shapes  would  require  a  larger  mean  particle  diameter  to  avoid  drying 
problems . 

For  technical  grade  slips,  requirements  are  not  as  stringent,  and  the 
recoirmendations  of  Murphy  2/  are  generally  sufficient.  The  major  require¬ 
ments  are: 


1.  Initial  residual  cristobalite  content  of  less  than  1  volume 
per  cent. 


2,  Devitrification  rate  such  that  cristobalite  content  less  than  15 
v/o  after  3-1/3  hours  at  2200°  F  (Note:  this  is  not  to  imply 
that  3-1/3  hours  is  a  proper  firing  time  for  all  slips,  It 
provides  a  good  compromise  between  density  and  cristobalite 
content,  and  serves  merely  as  a  basis  for  comparison  of  properties). 


3.  A  minimum  modulus  of  rupture  of  3000  psi  after  3-1/3  hours  at 

2200°  F  (In  lieu  of  cristobalite  measurements).  This  measurement 
may  be  used  as  a  single  requirement.  In  general,  higher  strengths 
can  be  obtained  at  longer  sintering  times,  but  optimum  strength 
for  some  materials  has  been  obtained  in  as  little  as  2-1/2  hours. 
Again,  the  requirement  is  merely  a  minimum  value  for  useful 


hardware. 


2.5  Slip  Storage  and  Handling 


Fused  silica  casting  slip  3hould  be  stored  in  polyethylene  or  similar 
polymeric  containers  or  in  polyethylene alined  metal  drums.  The  slip  should 
not  be  in  contact  with  any  metal.  It  is  not  necessary  to  keep  the  slip  in 
suspension  except  prior  to  use.  The  containers  should  be  continuously  rolled 
or  otherwise  agitated  for  48  hours  for  proper  resuspension.  Slip  should  not 
be  allowed  to  freeze  since  this  apparently  precipitates  silicic  acid  from  the 
slip  and  prevents  casting  of  a  dense  body.  The  slip  generally  contains  a 
small  portion  of  -4  +10  mesh  material,  which  is  slightly  smaller  than  the 
interstices  in  the  grinding  media  bed.  This  material  should  be  screened, 
usually  to  -20  mesh,  at  the  time  the  plaster  mold  is  filled. 


For  reasons  not  yet  understood,  some  fused  silica  slips  have  undergone 
changes  in  viscosity,  pH  and  sintering  rate  with  age.  The  viscosity  and  pH 
have  tended  to  increase  and  decrease  slightly,  respectively  over  a  period  of 
several  months.  The  sintering  rate  however  increased  steadily  over  the  first 
two  to  three  weeks,  after  which  it  leveled  off.  Since  the  viscosity  and  pH 
changes  present  no  particular  difficulties  in  use,  it  is  recommended  that 
slips  be  used  only  after  aging  four  weeks  from  date  of  manufacture. 
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CHAPTER  III 


FABRICATION  &  PROCESSING 


3.1  in product ion 

A  number  of  different  fabrication  techniques  have  been  used  to  produce 
rebonded  fused  silica  objects.  Among  these  techniques  are  slip  casting  1,2,3/. 
aggregate  casting  4/,  isostatic  pressing  5,6/.  hot  pressing  7/,  and  electro¬ 
deposition  6 /,  Of  all  these  techniques,  slip  casting  provides  a  product  with 
the  highest  strength,  minimum  cost  and  greatest  ease  of  fabrication.  With 
this  technique,  an  aqueous  suspension  of  finely  ground  particles  (casting 
slip)  is  poured  into  a  plaster  mold  which  defines  the  shape  of  the  object 
to  be  produced.  Capillary  action  in  the  porous  plaster  draws  water  from  the 
slip  into  the  mold,  increasing  the  solids  content  of  the  slip  adjacent  to 
the  plaster  forming  a  solid  wall.  The  thickness  of  the  wall  increases  with 
the  time  the  slip  is  left  in  the  mold.  When  sufficient  thickness  has  built 
up,  the  oxcesa  slip  is  drained,  leaving  a  dense  but  somewhat  leathery  shape 
in  the  mold. 

After  additional  drying  time,  the  shape  becomes  rigid  and  strong  enough 
to  be  removed  from  the  mold  with  careful  handling.  It  is  then  further  dried 
at  an  elevated  temperature  (150*  to  300°  F)  and  sintered  to  its  final  density. 
Sintering  is  usually  accomplished  at  temperatures  between  2100°  and  23U0*  F. 

3.2  Mold  Fabrication 

3.2.1  Master  Model  Preparation 

The  master  model  is  a  pattern  from  which  the  plaster  maid  is  cast. 

It  can  be  fabricated  from  virtually  any  impermeable  material.  For  most 


3-1 


applications,  aluminum  has  been  the  most  satisfactory  material,  due  mainly 
to  its  light  weight  in  comparison  with  stainless  steel  and  brass.  For  long 
production  runs  where  durability  is  the  main  concern,  stainless  steel  should 
be  considered.  Light  weight  fiberglass  mandrels  have  been  used,  but  these 
have  required  filling  with  plaster  to  gain  the  rigidity  necessary  for  with¬ 
standing  the  rigors  of  pulling  a  large  mandrel  from  the  mold.  Where  weight 
requirements  have  eliminated  even  aluminum,  a  cellulose-lignin  laminate  has 
been  successfully  used.  With  both  this  mandrel  and  fiberglass  mandrels,  the 
surface  has  been  varnished,  sanded,  and  polished  prior  to  use.  With  metal 
models,  a  high  surface  polish  is  necessary  for  use. 

Since  the  drying  and  sintering  shrinkage  of  slip-cast  fused  silica 
usually  ranges  from  1  to  2  per  cent  depending  on  the  purity  aud  the  fineness 
of  the  slip,  models  should  be  made  correspondingly  oversise  to  compensate. 

The  actual  shrinkage  should  be  determined  from  measurements  of  test  bars 
sintered  at  varying  time  and  temperature  or,  as  an  even  better  approximation 
of  a  radome  shape,  a  cylinder  with  the  top  end  closed.  Ibis  data  will 
'normally  be  taken  in  conjunction  with  modulus  of  rupture  and  other  property 
measurements  used  to  determine  optimum  sintering  conditions  appropriate  for 
the  particular  hardware  end  use. 

3, it 2  Bold,  ties  fan  ■ 

Hold  design  should  be  kept  as  simple  as  possible.  For  instance, 
round  bars  can  be  drain-cast  in  an  open-ended  cylindrical  wold  with  die 
bottom  end  resting  on  -a  glass  plate,  bisks  can  be  cast  by  placing  a  short 
length  of  methyl-methacrylate  or  polycarbonate  pipe  on  a  flat  plaster  surface 
to  form  the  mold  cavity.  For  pressure  casting,  a  fixture  oust  be  made  to 


hold  a  cover  plate  over  the  mold  cavity,  and  the  walls  of  the  mold  should  be 
thick  enough  to  withstand  the  internal  pressure.  For  casting  large  shapes 
(up  to  50- inch  long  radomes) ,  a  3- inch  minimum  plaster  wall  thickness  has 
been  satisfactory  for  pressures  up  to  20  psi.  The  outer  contour  of  the  mold 
should  conform  as  closely  as  possible  to  the  inner  or  casting  surface.  For 
example,  an  ogive  radome  could  be  cast  in  a  conical  mold  or  even  a  mold  with 
its  outer  surface  formed  by  portions  of  two  cones.  The  uniform  wall  thickness 
aids  in  obtaining  a  uniform  wall  thickness  in  the  casting.  The  tendency 
toward  thicker  walls  in  the  tip  area  of  radomes  lias  been  attributed  to  the 
greater  hydrostatic  head  at  the  tip  when  cast  tip  down.  It  is  felt  that  this 
differential  pressure,  while  a  contributing  factor,  is  insufficient  to  account 
for  observed  thickening.  A  larger  mold  volume /mold  surface  ratio  at  the  tip 
could  also  cause  this.  A  third  possibility  is  that  the  thicker  walls  are  due 
to  a  particle  site  gradient  that  develops  during  long-time  casting.  The 
larger  particles  settle  toward  the  bottom  and  produce  a  coarser  slip  in  this 
area.  Experience  lets  shown  that  coarser  slips  east  faster  than  finer 
■  particle  slips,. 


..  3. a. 3  mm  preparation 

Any  good' grade  of  eowsoreial  pottery  plaster-may  be  used,  the  mix  •• 
is  usually  made  up  to  bp  per  cent  consistency  (hQ  parts  water/ SO  parts  plaster 
•  by  weight).  At  this  consistency  approximately  1500  gas  plaster  and  1200  gsas . 
water  are  required  for  100  it?  of  mold  volume.  A  higher  piaster- to -water 
ratio  may  be  used  to  obtain  greater  wold  durability,  but  this  greater 
durability  results  in  lower  water  absorption  and  lower  casting  ratus.  The 
effect  of  various  variables  such  as  slaking  time,  mix  time,  water  content,  etc 
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on  strength  and  absorption  of  the  mold  has  been  autanarized  in  references  8/ 
and  9/,  while  additional  information  is  available  from  plaster  manufacturers. 
Briefly  the  steps  in  mold  preparation  are: 

1)  Accurately  weigh  plaster  and  water.  Variations  in  composition 
can  cause  undesirable  variations  in  casting  properties  of  the 
mold. 

2)  Sift  tiie  plaster  into  the  water  and  allow  to  slake  (soak)  for 
3  to  4  minutes.  Sifting  breaks  up  lumps,  and  slaking  allows 

thorough  wetting  of  the  plaster. 

3)  Mix  the  plaster  until  it  begins  to  "cream1*  or  thicken*  Mixing 
should  be  thorough, but  should  ns?  be  vigorous  enough  to 
entrain  air  in  the  Ms,  Mixing  usually  require®  2  to  3  minutes. 

4)  Pour  the  plaster  into  she  sold*  if  plaster  is  poured  before 
..it  has  thickened  suff intently, settling,  results  \m  :m 

ftihoaagttttw*  Isold,  i i  mixing  is  cunt i^ed...for  too  long  a 
t-iee,  the  piaster. may  "set"  before  the  mold 'is, filled  completely,,; 

y)  *w»en  oold  reaches, maxima©  heat, . remove  dam  and  model,  -'©a  sosse 
siiapes  there  will  be.  a  tendency- «f/  aha  soda l  te.*XM«d  from 


the  hea  *  >£• ~  of tin* 


*»  yaking  removal  difficult. 


tou  expansio^',^s4ei^r  law  thermal  conductivity  models ,  and 
Bodcls  with  provision  for  cooling  are  tU  possible  readies. 
Mold  variations  can  be  held  to  a  minimum  by  using  water  the  same 


temperature  each  time  and  by  timing 


and  mixing  carefully.  Optimum 


slake  and  mix  time  may  have  to  be  established  for  each  mold  configuration 
since,  for  example,  large  batches  must  be  poured  early  to  insure  filling 
the  mold  completely. 

Before  use,  the  mold  should  be  dried  to  a  low  moisture  content.  Drying 
temperatures  should  be  kept  below  120°  F,  particularly  in  the  latter  stages 
of  drying,  to  prevent  calcination  of  the  plaster.  Drying  to  a  constant 
weight  is  the  usual  practice,  although  drying  to  a  higher  moisture  content 
reduces  the  initial  casting  rate  of  the  mold,  a  desirable  feature  under  some 
.  circumstances. 

3.3  .Slip  Casting  Fused  Silica  Parts 
3.3.1  Casting  Rate 

Slip  easting  is  a  filtration  process  and  has.  been  described  in 
detail  frow  this  standpoint  by  Adcock  and  KcDoweU  10/,  the  vail  thickness 
W  varies  directly  vilh  the  square  root  of  casting  time,  t 


where  the  proportionality  constant  k, 


is.  daf inud  by. 


K 


1  m  a 
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wjmre,  K  *  proportionality  constant 

P  *  pressure  drop  across  cast  wall 
E  *  void  fraction  in  cast  wall 


(3*1) 


(3-2) 
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$p  t>  Specific  surface  of  solids  (by  permeability  measurements) 

^  =  Viscosity  of  suspending  medium 
y  *  volume  of  slip  containing  volume  (1-E)  of  solids 
C  -  gravitational  constant. 

From  this  it  follows  that  casting  rates  can  be  increased  1)  by  higher  applied 
pressure,  and  2)  by  using  a  slip  with  a  larger  mean  particle  diameter  (lower 
specific  surface).  In  the  ease  where  the  driving  process  is  only  the 
capillary  suction  in  the  plaster,  the  casting  process  is  referred  to  as 
drain  casting.  In  eases  where  either  pressure  is  applied  to  the  slip  or 
where  the  back  face  of  the  ewld  is  under  vacuum,  the  process  is  termed 
pressure  or  vacuum  assited  casting,  As  a  rule»o£- thumb,  shapes  with  wall 
thicknesses  under  1/2- inch  are  generally  drain  cast,  while  thicker  shapes  are 
pressure  east.  Pressure  casting  helps  reduce  the  amount  of  settling  of  slip 
in  eke  mold  cavity. 

"She  simplest  'method  of  establishing  the  easting  time  for  a  given  wall 
.  thickness  is  to  sake  a  trial  casting  under  known  conditions  of  pressure  and 
mold  .moisture  (ts© Ids  are  generally  conditioned  by  drying  to  constant  weight,  at 
temperatures  unde*  120*  ?)»  From  the  trial  wail  thickness  and  easting  ci«a( 
a  seed  value  for  .die.  final  easting  time  my  be-estisastsd  iroa-  , 
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where  W,  *  trial  wall  thickness 

Vn  «  required  wall  thickness 

\  :<fc- 

Vj  *  trial  easting  time 
8*  *  required  casting  time. 
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Fleming  Ilf  studied  the  casting  rate  of  a  7. Sum  mean  particle  diameter  slip 
at  applied  pressures  of  from  0  to  60  psi.  This  work  indicated  thai  for  drain 
casting,  wall  thickness  could  be  expressed  as 

W  =  0.048  AT-T.7  -  0.0207  (3-4) 

where  W  =  wall  thickness  (inches) 

3  c  casting  time  (minutes) , 

For  pressure  easting,  the  wall  thickness  can  be  approximated  by 

U  a  0.012  JW  -  0,047  (3-5) 

where  P  *  gage  pressure  (psi), 

Tikis  is  an  approximation,  since  the  proportionality  constant  is  wot  exactly  a 
linear  function  of-  P,  This  has  been  attributed  to  two  mechanism.  Adcock 
and  &0awell  10/  indicate  that  the  suction  pi  the  plaster  increases  with 
increasing  pressure,  while  n.<mittgf§  date  indicate  that  porosity  in  the. .cast- 
wail  increases  with  premure.  Both  mechanisms  would  result  in  higher 
proportion* lie?  constants  than  would  be  expected. 

■Equations.  3-4  and  3-5  are  plotted  in  Figure  3- i,  those  curves  provide  a 
goad  basis  for  predicting  trial  casting  tisse*.  When  using  these  curves,  one 
should  remember  that,  slips  with  mean  ds>^ef.er  greater  than  cavil! 

usually  cast  at  a  rate  higher  than  that  #hPWn,  while  more  i't***y  ground  slips 
will  cast  .more  sjowiy,  These  curves  are  generally  accurate  w  s  ’,0  per  cent 
lor  slips  with  mean  ©article  diameters  from  7-3 
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Fleming  11/  studied  the  casting  rate  of : a.  7.5 ym' mean  particle  diameter  slip 
at  applied  pressures  of  from  0  to  60  psi.  This  work  indicated  that  for  dra*n 
casting,  wall  thickness  could  be  expressed  as 
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W  =  0.048  v/e  -  2.7  -  0.0207 


(3-4) 


where  W  =  wall  thickness  (inches) 

6  -  casting  time  (minutes) . 

For  pressure  casting,  the  wall  thickness  can  be  approximated  by 


W  =  0.012 VW  -  0.047 


(3-5) 


where  P  =  gage  pressure  (psi).  "J" 

This  is  an  approximation,  since  the  proportionality  constant  is  not  exactly  a 
linear  function  of  P,  This  has  been  attributed  to  two  mechanisms.  Adcock 
and  McDowell  10/  indicate  that  the  suction  of  the  plaster  increases  with 
increasing  pressure,  while  Fleming's  data  indicate  that  porosity  in  the  cast 
wall  increases  with  pressure.  Both  mechanisms  would  result  in  higher 
proportionality  constants  than  would  be  expected. 

Equations  3-4  and  3-5  are  plotted  in  Figure  3-1.  These  curves  provide  a 
good  basis  for  predicting  trial  casting  times.  When  using  these  curves,  one 
should  remember  that  slips  with  mean  particle  diameter  greater  than  7.5umwill 
usually  cast  at  a  rate  higher  than  that  shown,  while  more  finely  ground  slips 
will  cast  more  slowly.  These  curves  are  generally  accurate  to  ±  10  per  cent 
for  slips  with  mean  particle  diameters  from  7-8  ym. 
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At  this  point,  the  mold  is  ready  for  use.  The  slip,  which  has  been 
thoroughly  dispersed  by  rolling  agitation  for  48  hours  or  until  all  settled 
solids  are  back  in  suspension,  is  then  poured  through  a  20  mesh  screen  or 
finer  to  remove  large  pieces  of  fused  silica  which  are  usually  present.  For 
drain  casting,  the  slip  is  simply  poured  into  the  mold,  and  the  mold  is 
covered  with  a  damp  cloth  to  prevent  formation  of  a  skin  on  the  liquid  surfaco. 
For.  pressure  casting,,  the  slip  is  usually  pumped  into  the  mold  from  an  outside 
reservoir.  In  casting  hollow  shapes  such  as  cylinders  or  radomes,  it' is 
usually  desirable  to  placo  a  displacement  mandrel  in  the  center  of  the  mold 
to  reduce  the  mold  cavity  volume  and  thereby,  the  volume  of  slip  required. 

After  casting  to  the  desired  wall  thickness,  determined  either  from  casting 
time  or  in  pressure  casting  by  measuring  weight  loss  in  the  slip  reservoir, 
the  excess  slip  must  be  removed  from  the  mold.  With  small  shapes  such  as 
crucibles  or  12  to  18-inch  long  radomes,  this  may  be  done  by  inverting  the 
mold  and  pouring  off  the  excess  while  holding  the  cast  shape  in  the  mold. 

With  larger  shapes,  the  slip,  is  usually  removed  from  the  mold  by  siphoning 
or  vacuum  suction.  The  slip  drained  from  the  mold  cavity  after  casting  has 
been  "scalped"  of  coarser  particles,  and  reuse  of  this  material  will  lead  to 
drying  problems.  Small  shapes  can  usually  be  removed  from  the  mold  and  dried 
at  room  temperature  overnight.  Larger  shapes,  because  of  the  leathery 
condition  of  the  walls,  should  be  dried  in  the  mold  until  shrinkage  ceases 
before  removal  from  the  mold. 

The  method  of  drain  casting  each  radorae  varies  with  its  size  and  wall 
thickness  requirements,  but  the  mold  is  usually  rotated  from  a  tip-up  or 
tip-down  position  to  the  opposite  position  by  turning  the  mold  sometime 
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during  the  casting  operation.  A  typical  pressure  casting  set  up  to  allow 
this  is  shown  in  Figure  3-2.  In  some  cases,  the  mold  rotation  is  simply  for 
handling  expediency  in  drying  and  removal  of  the  radome  from  the  mold.  In 
other  cases,  the  mold  is  rotated  during  the  casting  operation  in  attempts  to 
minimize  wall  thickness  gradients  due  to  particle  settling.  Rotating  the  mold 
with  a  green  radome  can  result  in  the  green  wall's  pulling  away  from  the  mold 
when  the  long  axis  of  the  radome  is  horizontal  to  the  floor.  This  problem  can 
usually  be  eliminated  by  making  certain  that  the  radome  mold  is  not  rotated 
unless  the  mold  is  full  of  slip  and  under  air  pressure  or  unless  the  radome 
has  thoroughly  dried  in  the  mold. 

If  the  purpose  of  rotation  is  to  minimize  wall  thickness  gradients, 
filling  of  the  mold  may  be  accomplished  in  either  a  radome  tip-down  (as  shown 
in  Figure  3-2)  or  tip-up  position  depending  on  previous  determinations  as  to 
what  is  the  best  position  for  entry  of  fill  ubes  into  the  mold.  After 
filling,  the  mold  is  left  in  position  for  some  specified  period  of  time  then 
rotated  180  degrees  for  another  specified  period  of  time.  Rotation  can  be 
accomplished  as  often  as  necessary  provided  the  mold  remains  full  of  slip 
and  pressure  (above  atmospheric)  is  retained  on  the  slip  in  the  mold.  The 
normal  procedure  is  to  end  up  with  the  mold  in  a  tip  down  position.  The 
excess  slip  is  drained  out  through  the  tip  (if  the  final  shape  requires  a 
hole  in  the  tip  of  the  radome)  or  is  pumped  from  the  mold.  The  green  casting 
is  then  allowed  to  dry  thoroughly  in  the  mold.  During  this  drying  period, 
the  green  radome  is  supported  by  the  mold  walls  as  it  shrinks  in  drying. 

After  this  drying  phase  is  completed,  a  firing  base  is  attached  to  the  open 
(base)  end  of  the  mold,  and  the  mold  is  rotated  to  a  tip  up  position.  The 
maximum  stress  on  the  radome  wall  occurs  when  the  long  axis  of  the  radome 


3-10 


-TO  RESERVOIR 


DRAIN  VALVE- 


PRESSURE  PLATE 


AIR  INTAKE  OR 
'FILL  VALVE 


PLASTER  MOLD- 


rfb 


AIR  INTAKE  OR  FILL  TUBE 


m 


mmmm 

»  - 1 1  •  • 1  v  »■  .  »  r  *  •  .*  .  .. .  '  8 


MOLD  SUPPORT 
DOLLY 


— 


Figure  3-2.  Typical  Pressure  Casting  Pet  up  for  .Clip  Casting 
Fused  Silica  Padome. 


and  mold  are  in  a  horizontal  position.  It  is  assumed,  however,  that  the  dry 
radome  sufficient  strength  to  withstand  this  stress.  The  mold  is  lifted 
away  from  the  radome  in  preparation  for  further  drying  or  firing. 

In  some  cases  due  to  radome  geometry,  wall  thickness,  and  final  tolerance 
requirements,  it  is  desirable  to  move  the  freshly  cast  radome  as  little  as 
possible  so  as  to  prevent  any  possibility  of  stressing  the  walls  of  the  green 
casting.  In  this  case  the  radome  is  cast,  dried  and  fired  with  the  tip  up 
at  all  times.  The  radome  mold  is  not  moved  from  filling  until  the  radome  is 
dried.  The  main  purpose  of  this  technique  is  to  eliminate  any  strains  in 
the  radome  that  might  occur  due  to  wall  flexing  during  mold  rotation.  The 
mold  is  filled  and  drained  from  the  base  end.  The  radome  remains  in  the 
mold  until  it  has  dried  sufficiently  to  withstand  movement  without  flexing 
its  walls. 

As  soon  as  the  excess  slip  is  removed,  the  radome  casting  begins  to 
dry  and  shrink  away  from  the  walls.  The  mold  walls  provide  no  support. 
Therefore,  it  is  most  important  that  the  mold  not  be  moved  or  vibrated  in 
any  manner  for  several  hours.  For  satisfactory  completion  of  drying  and  for 
removal  of  the  radome  from  the  mold,  the  pressure  plate  and  internal  displace¬ 
ment  mandrel  used  in  casting  must  be  removed.  Special  handling  tools  and 
techniques  are  required  to  be  sure  the  radome  does  not  fall  out  of  the  mold 
during  this  operation. 

3.4  Drying 

Drying  is  a  critical  portion  the  fabrication  process,  particularly 
for  large  shapes.  At  the  end  of  casting,  the  pore  spaces  in  the  cast  part 
'are  filled  with  water,  and  a  thin  film  of  water  surrounds  each  particle. 
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Since  the  particles  are  not  in  direct  contact  but  are  cushioned  by  a  water 
layer,  the  cast  part  has  very  little  strength  and  will  slump  slightly  if 
removed  from  the  mold.  At  this  point,  castings  from  slips  with  7  to  8  pm 
mean  particle  diameters  will  contain  approximately  8.5  to  10  per  cent  water, 
depending  on  the  packing  efficiency  of  the  particle  size  distribution. 

As  drying  progresses,  water  is  removed  from  the  system,  bringing  the 
particles  closer  together  until  finally,  at  the  "critical  moisture  content," 
the  particles  are  in  contact.  Numerous  studies  have  indicated  that  the  bulk 
of  the  drying  shrinkage  occurs  during  this  period.  Measured  values  for  drying 
shrinkage  of  castings  from  7  to  8ufflmean  particle  diameter  silica  slipt> 
indicate  drying  shrinkages  in  the  range  from  0,05  to  0.1  per  cent.  Since 
these  measurements  were  referenced  to  model  size  rather  than  actual  mold  size, 
the  linear  drying  shrinkage  is  more  probably  in  the  range  from  0.2  to  0.4 
per  cent,  allowing  for  plaster  mold  setting  expansion  of  approximately  0.2 
per  cent.  This  small  shrinkage  corresponds  to  a  small  moisture  reduction  on 
the  order  of  0.5  to  0.7  per  cent.  At  this  point,  and  certainly  by  the  time 
1.0  per  cent  moisture  has  been  removed  from  the  cast  part,  the  part  may  be 
safely  removed  from  the  mold. 

Thus  the  two mo 3 t  important  points  in  drying  large  slip-cast  fused  silica 
shapes  are: 

(1)  Drying  should  be  carried  out  in  the  mold  until  the  moisture 
content  drops  below  the  critical  point  (from  0.5  to  1  per 
cent  loss). 

(2)  Drying  rate  during  this  time  should  be  slow  enough  that  moisture 
gradients  across  the  cast  vail  are  not  large  enough  to  cause 


cracking  from  differential  shrinkage.  These  conditions  are 
difficult  to  estimate  or  define  from  existing  data  and  must  be 

i, 

determined  by  trial  and  error  for  the  particular  part  and  mold 
configuration  used  (drying  rate  is  also  restricted  by  mean 
!  particle  diameter.  More  finely  ground  slips  will  form  cast 

1  li  parts  with  smaller  and,  therefore,  less  permeable  pores). 

After  the  critical  moisture  content  is  reached,  the  part  may  be  rapidly 
dried.  Small  shapes  have  been  successfully  dried  at  350°  F,  but  for  most 
shapes  it  is  recommended  that  drying  temperatures  be  kept  below  125°  F. 

After  the  moisture  content  has  been  reduced  to  1  or  2  per  cent,  the  part 
should  be  dried  to  at  least  250°  and  preferably  350°  F  before  sintering. 

The  dried  part  must  be  handled  with  care  as  it  has  low  strength. 

Fleming  U/  reports  a  dry  strength  of  approximately  160  psi  at  a  por<  aity 
of  17.8  per  cent  (~  1.81  gm/cm  ),  while  Pivinskii  and  Gorobets  12/  report 
values  from  425  to  1065  psi  at  bulk  densities  from  1.92  to  2.03  go/ cm3 
(Flemings  values  are  more  consistent  with  bulk  densities  achieved  with 
comnereially  available  slips),  Harris,  et  al.  13/  reported  dynamic  Young *s 
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moduli  from  4.2  to  5.6  x  10  psi  at  bulk  densities  from  1.845  to  1.852  gm/cia 
The  following  are  offered  as  examples  of  drying  problems  that  have  been 
encountered: 

Example  1;  in  fabricating  18- inch  diameter  by  1- inch  thick  plates  and 
12  x  24  x  3/4- inch  plates,  drying  varpage  and  cracking  were  severe.  The 
warpage  resulted  from  shrinkage  on  the  face  exposed  to  air.  The  problem  was 
solved  by  two  similar  methods.  First,  the  cast  disk  was  sandwiched  between 
two  1-1/2- inch  thick  slabs  of  plaster.  Saturated  kaolin  wool  fiber  was  used 


to  separate  the  part  and  plaster  slabs.  The  part  was  allowed  to  dry  through 
the  plaster.  The  slow  drying  (up  to  2  weeks)  eliminated  war page  and  cracking. 
Similarly,  the  rectangular  plate  was  left  in  the  mold  and  covered  with  a 
layer  of  wet  kaolin  wool,  followed  by  a  wet  plaster  slab.  Again,  the 
resulting  slow  drying  eliminated  warpage  and  cracking. 

Example  2:  An  18-inch  base  diameter  by  52- inch  high  radome  shape  cracked 
both  in  the  mold  and  after  removal  from  the  mold.  Cracking  was  eliminated 
by  leaving  the  mold  cavity  sealed  for  5  days.  At  this  time  the  displacement 
mandrel  could  be  removed  without  stressing  the  shape,  and  the  shape  could  be 
safely  .removed  and  dried  at  room  temperature.  In  this  case,  leaving  the  shape 
sealed  in  the  mold  and  undisturbed  for  5  days  was  sufficient  to  dry  the  shape 
past  the  critical  moisture  content. 

Example  3:  The  shape  described  in  the  previous  example,  was  cast  from 
a  slip  exhibiting  aging,  by  a  radome  manufacturer.  A  thinner  wailed  shape, 

18- Inch  base  diameter  by  40- inch  in  length  was  cast  at  Georgia  Tech  using 
slip  from  the  same  batch.  Xn  both  cases  drying  had  to  be  lengthened  to 
three  weeks.  The  drying  conditions  outside  the  mold  were  in  the  range  80* 
to  9S“  F  and  30  to  50  per  cent  relative  humidity,  the  extreme  drying  tine 
suggested  an  abundance  of  sub-micron  particles  in  the  slip,  but  particle 
sire  analysis  by  sedimentation  and  scanning  electron  microscope  failed  to 
confirm  this.  Drying  time  less  than  three  weeks  resulted  in  longitudinal 
cracks  in  the  radome  wall  on  removal  from  the  mold. 

3,5  Sintering  - 

Sintering  is  the  further  consolidation  of  the  aggregate  of  fine  particles 


o£  amorphous  silica  upon  heating.  This  heating  is  normally  carried  out  at 
temperatures  between  2100°  and  2300°  F. 

During  sintering,  a  mechanical  bond  is  formed  between  the  particles  of 
the  casting,  increasing  both  density  and  mechanical  properties.  The  sintering 
process  is  affected  by  a  number  of  variables*  Among  them  are  chemical  purity 
of  the  fused  silica,  time  and  temperature  of  sintering,  sintering  atmosphere, 
and  particle  size  of  the  silica  slip.  Since  many  of  the  physical  and 
mechanical  properties  of  the  sintered  casting  are  somewhat  interdependent, 
it  is  not  possible  to  reach  optimal  property  levels  for  all  properties 
simultaneously.  For  example,  maximum  flexural  strength  is  reached  under 
conditions  different  from  those  necessary  for  minimum  porosity.  For  this 
reason,  sintering  schedules  must  be  determined  by  the  end  use  of  the  casting. 

taring  sintering,  two  competing  processes  are  occurring  as  shown 
schematically  in  Figure  3-3.  First,  strengthening  is  occurring  by  an 
increase  in  the  bond  between  particles  and  by  a  resulting  increase  in  the 
density  of  the  casting,  both  due  to  sintering.  The  second  process  is 
devitrification;  at  temperatures  over  2000*  F,  vitreous  silica  crystallises 
to  fora  g-cris tebil ite,  When  the  casting  is  cooled,  the  b-cristobalite 
changes  to  a  higher  density  form  o-crlstbbalite  between  400*  and  430*  ¥ 

(200  to  250*  0) *  The  accompanying  3  per  cent  volume  shrinkage  is  sufficient 
to  set-up  microcracks  in  the  structure  and  to  weaken  it  noticeably.  At  some 
point  in  sintering,  the  strengthening  effect  of  sintering  is  balanced  by 
the  weakening  effect  of  cristobalite,  and  property  values  begin  to  fall,  in 
this  way,  property  values  such  as  modulus  of  rupture,  tensile  strength, 

Voung's  Modulus,  etc., all  reach  maximum  values,  followed  by  a  decline  in 
property  levels  ea  sintering  continues. 
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3,5,1  Effect  of  Chemical  Purity  on  Sintering 

Since  the  amount  of  cristobalite  formed  during  sintering  limits 
the  amount  of  densification  and  strengthening  during  sintering}  variations 
in  the  devitrification  rate  will  determine  limits  on  these  properties.  As 
discussed  in  Chapter  2,  there  are  significant  differences  in  the  chemical 
analyses  of  technical  grade  and  high  purity  slips.  These  differences  arc 
reflected  in  the  devitrification  rates  of  castings  made  from  the  two  materials 
as  shown  in  Figure  3-4,  The  curve  for  the  technical  grade  material  reflects 
data  from  a  large  number  of  technical  grade  slips  produced  over  a  period  of 
10  years.  The  currently  available  technical  grade  slips  trend  towards  the 
right  hand  or  lowest  rate  portion  of  the  broad  band.  The  high  purity  slips 
show  a  similar  spread  of  values  (distorted  by  the  log  scale)}  but  the  actual 
rates  are  much  lower,  permitting  longer  sintering  times  and  higher  values  for 
modulus  of  rupture  and  bulk  density,  as  veil  as  lower  values  for  porosity. 
Sintering  properties  of  the  two  materials  are  .compared  in  Figures  3-5,  3-6 
and  3-7,  The  differences  are  not  as  pruaouhecd  at  the  lower  tewjwawrture,  but 
at  24#0* '  f  the  differences  .are  quite  -  apparent,  At . 2250*  F  the  technical  .grade 
slip  goes  through  a  porosity  minimum  while  the  high  purity  slip  continues  to 
decrease.  At  2400*  F  the  technical  grade  slip  reaches  a  minimum  porosity  of 
around  10  per  cent,  and  the  high  purity  material  s inters  to  less  than  one 
per  cent  porosity.  Similar  behavior  is  shown  for  bulk  density,  in  both  cases 
the  reversal  in  tf-s  bulk  density  and  porosity  curves'  for-  the  technical  grad-; 
material  la  believed  to.  result  from  excessive  cristobalite  formation,  followed 
by  the  beginning  of  sintering  at  a  much  slower  rate  in  the  cristobalite. 

While  tire  modulus  of  rupture  curves  teach  similar  maxima  at  the  lower -tempera- 
tore,  the  eaxlaua  for  the  high  purity  material  it  much  broader,  offer lug  more 
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easily  controlled  sintering.  At  the  higher  temperature,  the  high  purity  slip 
sinters  to  a  higher  modulus  of  rupture  before  excessive  cristobalite  formation 
occurs.  .  ' 

3.5.2  Effect  of  Time  and  Temperature  on  Sintering 

Figures  3-8  and  3-9  show  time- temperature-property  level  surfaces 
for  porosity  and  modulus  of  rupture  for  a  high  purity  slip  with  a  mean 
particle  size of  7  pm.  Both  figures  show  that  by  increasing  temperature 
greater  densification  and  strengthening  is  achieved.  This  result  is  due. to 
the  difference  in  aetxvation  energies  for  sintering  and  devitrification. 

Values  for  high  purity  slips  were  calculated  as  approximately  65  and 
115  kcal/mole,  respectively,  by  Harris  and  Theil-ing  13/.  The  higher 
activation  energy  for  devitrification  indicates  that  for  a  given  increase 
in  temperature  the  sintering  rate  will  be  increased  more  than  the  devitri¬ 
fication  rate.  In  terms  of  Figure  3-3,  the  effect  is  to  shift  the  maximum 
point  further  to  the  right. 

For  Figure  3-8,  contours  of  porosity  versus  time  at  constant  temperature 
are  concave  upward  at  low  temperatures.  As  temperature  increases,  the  curves 
become  more  linear  until  over  a  short  interval  a  section  with  a  concave- 
downward  curvature  is  obtained.  Such  curvature  is  due  to  the  beginning  of 
formation  of  significant  numbers  of  closed  pores,  which  permit  elimination  of 
open  porosity  at  bulk  densities  below  theoretical  density.  Closed  poresi 
appear  to  be  formed  beginning  at  porosity  levels  of  9  to  10  per  cent.  This 
is  in  agreement  with  theoretical  predictions  16/. 

Ir>  Figure  3-9,  contours  of  modulus  of  rupture  versus  time  at  constant 
temperature  show  a  steady  increase  in  maximum  value  and  a  corresponding 
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Figure  3-8,  Porosity  as  a  Function  of  Sintering  Time  and  Temperature 
for  High  Purity  Slip-Cast  Fused  Silica  with  7  Micrometer 
Mean  Particle  Diameter. 


decrease  in  peak  breadth  with  increasing  temperatures.  At  high  temperatures, 
control  of  sintering  time  becomes  increasingly  critical,  requiring  a  necessary 
trade-off  of  modulus  of  rupture  and  reproducibility  of  sintering  conditions. 


3.5.3  Effects  of  Atmosphere 

The  densification  and  devitrification  rates  for  fused  silica  are 
affected  by  moisture  and  oxygen  content  of  the  surrounding  atmosphere  in  much 
"he  same  way  as  by  temperature.  A  number  of  authors  consider  correct 
stoichiometry  to  be  a  prerequisite  for  devitrification  17,18,19/.  In  their 
view,  most  fused  silicas,  particularly  the  silicas  produced  by  flame  fusion 
processes,  are  oxygen  deficient  and  must  be  oxidized  in  order  for  devitrifi¬ 
cation  to  proceed.  By  this  view,  water  vapor  serves  as  a  source  of  oxygen. 
Another  view  is  that  the  weakening  effect  of  hydroxyl  units  in  the  silica 
glass  structure  catalyzes  devitrification  18,20/.  In  either  event,  the 
effects  are  similar.  Figures  3-10  and  3-11  show  bulk  density  and  modulus 
of  rupture  versus  time  for  a  7-micron  mean  particle  diameter  technical  grade 
slip.  As  expected,  steam  provides  enhanced  sintering,  while  argon  retards 
sintering.  Higher  water  partial  pressure  would  be  expected  to  provide  further 
enhancement,  while  vacuum  sintering  would  be  expected  to  retard  sintering 
further. 

3.5.4  Effect  of  Particle  Size  on  Sintering 
Slips  with'iower  mean.rarticle  diameters  have  greater  specific 

surface  area  and  a  greater  number  of  particle-particle  contacts.  This  results 
in  an  increased  sintering  rate,  particularly  in  the  early  stages  of  sintering. 
Figure  3-12  shows  elastic  modulus  versus  sintering  time  for  three  high  purity 
slips  with  mean  particle  sizes  of  4,  7  and  17  pm.  The  bulk  density  and 
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DYNAMIC  YOUNG'S  MODULUS  (106  psi) 


modulus  of  rupture  curves  show  corresponding  increases  in  slopes  during  the 
earliest  portion  of  sintering.  Despite  the  increased  surface  area  of  the 
more  finely  ground  slips,  no  measurable  effect  of  particle  size  on 
devitrification  rate  has  been  observed. 

3.5.5  Selection  of  Sintering  Conditions 

The  selection  of  sintering  conditions  must  be  dictated  by  the 
property  requirements  of  the  finished  item,  as  well  as  by  the  capabilities  of 
the  fabricator's  kilns.  Figures  3-13  through  3-19  show  room  temperature  values 
of  bulk  density,  porosity,  modulus  of  rupture  and  dynamic  Young's  modulus  of 
elasticity  for  a  technical  grade  slip  and  two  high  purity  slips  sintered  at 
several  temperatures  for  varying  times.  These  illustrate  the  interdependence 
of  several  properties  and  can  be  used  to  establish  tentative  sintering 
schedules.  Because  of  variations  in  temperature  profiles  and  sintering 
characteristics  in  various  fabricator's  kilns,  an  actual  sintering  schedule 
must  be  determined  by  making  trial  firings  with  either  the  desired  part  or 
a  similar  shape.  Radomes,  for  instance,  may  be  replaced  with  closed-end 
cylinders  for  Initial  tests.  The  sintering  temperature  is  again  dependent 
on  the  actual  hardware  item.  For  example,  one  property  which  must  be 
controlled  In  a  radome  is  its  dielectric  constant.  The  dielectric  constant 
is  a  function  of  the  final  bulk  density.  To  insure  a  reproducible  dielec¬ 
tric  constant,  as  well  as  precise  physical  dimensions  which  will  minimize 
machining,  sintering  should  be  carried  out  at  temperatures  from  2200°  to 
2250"  F,  where  sintering  rates  are  slow  enough  that  sintering  times  can  be 
controlled  adequately.  On  the  other  hand,  for  a  crucible  application,  where 
porosity  should  be  minimal,  the  sintering  temperatures  should  be  in  the  range 
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of  2300°  to  2500°  F  to  insure  an  impervious  part  with  some  degree  of 
mechanical  strength. 

With  its  low  thermal  expansion  coefficient,  it  is  virtually  impossible 
to  thermal  shock  a  slip-cast  fused  silica  part,  therefore,  where  bottom¬ 
loading  kilns  are  available,  thoroughly  dried  parts  may  be  placed  in  a  furnace 
preheated  to  the  sintering  temperature  and  removed  and  air  quenched  after 
sintering. 

All  of  the  data  reported  here  were  taken  from  slip-cast  fused  silica 
sintered  in  silicon  carbide,  electrical  resistance  heated  kilns.  Some 
commercial  fabricators  have  used  gas  fired  kilns,  but  it  is  felt  that  with 
the  variations  in  flue  gas  moisture  content  and  their  effect  on  sintering 
more  precise  control  is  available  with  electrically  heated  kilns  (see  3.5.3). 
PRECAUTIONARY  NOTE:  All  of  the  data  reported  here  for  hi?h  purity  fused 
silica  slips  were  developed  from  non-aging  slip,  the  material  which  has  been 
used  for  the  great  bulk  of  high  purity  slip-cast  fused  silica.  It  is  possible 
for  slips  which  exhibit  aging  to  exh-bit  a  higher  sintering  rate  than  normal. 
Sintering  times  on  the  order  of  60  to  70  per  rent  of  the  predicted  terms  have 
been  observed.  For  this  reason  it  should  be  emphasized  that  SINTERING 


CONDITIONS  SHOULD  ALL  WAYS  BE  VERIFIED  WITH  TRIAL  FIRINGS  BEFORE  PRODUCTION 
HARDWARE  IS  SINTERED,  and  sintering  conditions  should  be  rechecked  periodically 
to  insure  that  both  material  sintering  rates  and  kiln  conditions  are  remaining 
constant, 

From  a  standpoint  of  minimizing  property  variations  across  the  wall  of  a 
rsdome  or  other  part,  i'-  is  desirable  to  control  heatiog  rates  at  sintering 
temperatures  so  that  the  backaida  temperature  remains  within  10°  F  or  so  of 
the  frontface  temperature.  To  solve  the  necessary  heat  conduction 


relationships,  Boland  21/  has  prepared  a  series  of  charts  shown  in  Figures  3-20 

3-21  and  3-22.  When  using  these  charts,  one  calculates  the  value  for  the 

horizontal  axis  from  the  known  temperature  conditions.  Once  this  value  is 

2 

obtained,  the  appropriate  value  of  qt/R  may  be  read  off  the  vertical  axis  of 
the  chart.  From  this  time,  heating  rates  may  be  calculated  for  the  desired 
conditions.  Examples  of  the  type  calculations  that  can  be  made  are  shown 
below. 


Example  1 

Property  gradients  can  be  minimized  in  slip-cast  fused  silica  by 
minimizing  the  temperature  differences  in  the  silica  whenever  any  part  of  the 
silica  is  at  a  temperature  where  the  cristobalite  growth  rate  is  significant. 
Suppose  a  slip-cast  fused  silica  radome  with  a  wall  thickness  of  0.75  inch 
is  to  be  fired  at  2200°  F.  Cristobalite  does  not  form  rapidly  at  2000°  F 
or  below,  and  the  radome  may  be  heated  to  2000°  F  in  almost  any  manner  which 
is  convenient.  It  would  probably  be  most  economical  to  heat  the  silica  in 
the  shortest  possible  time.  Therefore,  suppose  the  surface  of  the  radome 
will  be  raised  to  2000°  F  suddenly  (as  rapidly  as  possible),  and  then,  after 
a  suitable  soak  at  2000°  F,  the  surface  of  the  radome  will  be  raised  to 
2200°  F  at  a  constant  rate.  How  long  should  the  radome  be  soaked  at  2200°  F? 

Suppose  the  available  experimental  data  indicate  that  the  radome  should 
be  soaked  at  2000°  F  until  the  backside  temperature  comes  up  to  at  least 
1990°  F.* 

A  maximum  allowable  temperature  differential  of  10°  F  during  initial 
heating  has  proven  to  be  satisfactory  at  Georgia  Tech  for  the  firing  of 
slip-cast  fused  silica  components  up  to  0.75  inches  in  thickness. 


Figure  3-20. 


T.  t  as 
Surface 


Figure  3-22.  Transient  Heat  Conduction  in  a  Rudome  or  Cylindrical  Tent  Bar 
Initially  at  Temperature  T. ,  as  the  Surface  is  Raised  to  a 
Temperature  T  at  a  Constant  Rate.  (Reference  21,  page  22.) 


Then  the  question  can  be  answered  by  referring  to  Figure  3-20: 


T  =  2000°  F 
s 

T  A  «  1990°  F 
x  =  0 

t  =  T 

«  70°  F 


t-rr^  -  ms  *  00052 

s  i 

^2^  ^  2.72  (from  Figure  3-20) 
l 

2  (MS  ft)2 

t  *  Mix  *  2.J2I12  w  0.93  hr. 

«  0.0114  ftVhr 


(3-6) 

(3-7) 

(3-8) 

(3-9) 

(3-10) 

(3-11) 


The  soak  time  at  2000°  F  need  be  only  about  56  minutes.  This  number  is  con¬ 
servative  as  the  minimum  value  of  the  thermal  diffusivity  of  the  silica  was 
used  (tf  •  0.0114  ft2/hr)  U/. 

Example  2 

How  fast  can  the  surface  temperature  of  the  radome,  described  in  Example 
1,  be  raised  from  2000°  to  2200°  F,  assuming  the  radome  is  initially  at  2000°  F 
uniformly? 

Suppose  the  available  experimental  data  indicate  a  maximum  allowable 
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temperature  differential  of  20°  F  in  the  radome  while  the  temperature  of  the 

A 

radome  is,  at  any  point,  above  2000°  F.  Then  the  question  can  be  answered 
by  referring  to  Figure  3-22; 


Tf  =  2200°  F 

=  2180°  F 


Tt  =  2000°  F 


T„  - 


6. 


JL-L 


=  0.10 


(3-12) 

(3-13) 


(3-14) 


(3-15) 


V-  %  3.0  (from  Figure  22) 
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T  5  A 

T  st  —  — - '  at 
Of 


d  fkdl 
5  ("jj-  it) 

0,0114  ftVhr 


»  1.71  hr. 


(3-16) 


(3-17) 


Hie  surface  temperature  of  the  radome  should  be  raised  from  2000°  F  to  2200°  P 
at  a  rate  no  faster  than  200°  P/1 .71  hr  **  2°  F/min. 

Example  3 

Suppose  a  cylindrical  test  bar  of  fused  silica,  initially  at  2000°  F 

• it 

K  maximum  allowable  temperature  differential  of  20°  F  at  temperatures 
above  2000°  F  appears  marginal  for  slip-cast  fused  silica  radome s  0.75  inches 
in  thickness,  baaed  on  experience  at  Georgia  Tech  using  electric  kilns. 
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uniformly,  is  heated  to  2200°  F  in  the  same  manner  as  the  radome  in  Example 
2.  What  size  test  bar  would  give  rise  to  the  same  temperature  differential 
as  experienced  by  -he  radome  (20°  F)? 


Referring  to  Figure  3-22 


T  O' 


2.5 


R 


(3-18) 


r  .  V  ff.om  n>r)  w  0.088  £t. 


(3-») 


The  radius  of  the  test  bar  should  be  approximately  1.06- inch. 


Example  4  C 

Suppose  the  test  bar  in  Example  3  was  originally  at  room  temperature 
(70°  F),  and  suppose  the  bar  was  first  heated  by  suddenly  raising  the  surface 
temperature  to  2000°  F.  How  long  must  the  bar  bo  subjected  to  this  eordition 
before  the  center  of  the  bar  comes  up  to  at  least  1990°  F? 


Referring  to  Figure  3-$l 


T  *  2000°  F 
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Fr  =  O’} 
1  t  »  rj 


»  1990°  F 


w  (3-20) 
(3-21) 


.»  706  F 


(3-22) 
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I*  r  *  0*1 
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£_Iss  l*^2  (from  Figure  3-21) 


(3-24) 


T  S3  1—  -R-  *»  —  (Q.‘Q8^  i£L  W  0.96  hr  (3-25) 

<*  0.0114  ft2 /hr 

The  3oak  time  need  be  only  about  58  minutes,  which  is  only  slightly  longer 
than  the  soak  time  for  the  radome  considered  in  Example  1  when  subjected  to  the 
same  conditions, 

3.6  Machining  of  Slip-Cast  Fused  Silica 

Although  slip-cast  fused  silica  parts  can  bo  match  east  to  fairly  close 
tolerances,  some  degree  cf  finish  machining  is  often  required.  Such  finishing 
rhould  be  carried  out  in  a  manner  that  will  prevent  contamination  of  Use  part. 
For  this  reason  distilled  water  is  the  preferred  coolant.  In  addition, 
tooling  fixtures,  particularly  those  parts  in  contact  with  the  silica  should 
be  made  from  non  ferrous  materials.  Diamond  grinding  with  low  (1000-2000  rim) 
wheel  speeds  and  low  material  feed  rates  has  proven  satisfactory,  although  some 
manufacturers  report  satisfactory  results  with  dense  silicon  carbide  wheels. 
Feed  rates  are  limited  by  the  thickness  of  the  part,  since  comparatively  low 
grinding  pressure  can  cause  tensile  failure  at  the  back  side  of  the  part. 
Conical  shapes  with  0.076- inch  walls  have  been  successfully  machined,  but 
If  is  felt  that  this  approaches  a  lower  limit  on  wall  thickness,  after 
machining,  parts  should  be  dried  and  *  if  site  permits,  leached  with  dilute 
(3:1)  aqua  regia  to  remove  all  traces  of  grinding  wheel  debris.  Drying 
followed  by  heating  to  1000”  F  is  usually  sufficient  to  remove  most  organic 
contaminants  such  as  grease. 
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3.7  Sealing  of  Blanks 


One  of  the  major  problems  in  using  slip-'  sat  fused  silica  for  radome 
applications  is  the  fact  that  it  is  a  porous  material,  subject  to  water 
absorption.  In  the  area  of  strengths  and  densities  of  concern  for  radome 
applications,  this  porosity  may  range  from  3  to  12  volume  per  cent. 

One  method  of  sealing  fused  silica  is  to  fuse  the  surface  using  an  arc- 
plasms  jet  or  oxyacetylena  torch  22/,  this  produces  a  dense,  glassy  layer 
with  no  connected i  pores,  Shis  type  of  sealing  has  the  advantage  of  producing 
a  seal  which  wi  IV  withstand  the  same  tcmparatures  as  the  raaowsa  i.  'eif. 

Ilia  disadvantages  a?#  -that  ft  is  Expensive,  time  consusiici,  and  diffCi  '  t 
if- ‘not-  impossible  to  seal  the  inner  surface  of  a  *ttsrply  pointed  radome. , 
Also,  above  Kach  3  the  mlu  hro^ids' rosistaace  is  decreased  23/  fey  the 
glassy  surface,-.  '  ’ 

shrinkage  results  in  tottgiU  stresses'  in  the-  glass 
. layer-*,  that  thepart  to  . he  glased  be'  preheated  .to  fO©0-*: 

glased,  esc  arnica  lad  for  IS  sinutes  at  2150*  F»  .  fell owed  by  slow.  <4*  f  per 
•siinvce).  codling  to  ?$#*-  F  22/ ,  thie  hr:,dd  i- 

ualiomly’-thiek  stress  free  gUse, ,  this  type,  of  seal ing  is •'■net- -''facesaended 
for  .caditj^s.  applications,  .. 

^ost  radosw  applications  are  «.  one.tM&e  use  only,  and  the  radosse*  a 
with  the.  rest  of  Uu  ..is#  lie,  is  destine  ted  at  the  end  of  the  mission,  For 
this  type  of  application,  the  surface  can  be  scaled  using  silicone  resins  18/ 
Hie sc  materials  can  be  applied  at  room  temperature  and  cured  at  moderate 
temperatures  (475*  f).  thin  coatings  are  easily  applied  to  the  outside  of 
the  rodoma  by  spraying  acd  to  the  inside  by  brushing  or  spraying,  thin 
coatings  do  not  degrade  the  electrical  characteristics  of  the  radome,  and 
the  material  will  bum  out  at  hypersonic  velocities. 
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A  coating  of  this  type  is  Dow  Corning  808^  silicone  resin.  The  resin 
is  prepared  for  spraying  fey  diluting  three  parts  resin  with  one  part  xylene. 

The  resin  is  sprayed  on  in  several  thin  coats,  allowing  the  solvent  to 
evaporate  between  coats.  The  resin  is  cured  a  minimum  of  one  hour  at  475ff  F. 
Note;  Since  the  resin  does  not  dry  tack  free  before  cure,  the  coated  part 
must  be  handled  in  such  a  manner  as  to  avoid  marring  the  coating. 

A  second  method  of  sealing  with  silicone  resin  is  to  impregnate  the 
slip-east  fused  silica  with  a  resin  such  as  General  Electric  SRStf*.  A 
radons  may  be  impregnated  by  inverting  the  radoss  and  filling  with  resin.  The 
res*  a  is  then  allowed  to  soak  through  until  the  outside  surface  is  wet.  At 
this  point  rite  excess  resin  is  drained  and  the  part  dried  and  cured  m  follows; 


24  hours  soak  at  ISO  i  IS*  F 
6  hours  increase  from  100  to  303*  ¥ 
3  hours  soak  at  300*  F 


%  hours  increase  to  465’’  ¥ 

S  hours  soak  at  465*  ¥ 


3  hours  cool  to  200’  if. 


&sth  rosin  sealing  hsv«  boas  isund  to  produce  no 

in  dielectric  properties  sealed  gatnrials,  ' 


1W®  other  forms  of  tot  *4  silica  wntioac-d  throughout  this  manual  arc; 
{l)  glass  worked  stiisa,  and  (J)  fused  ail ica  foam.  •- 


■T. 


Li..  Class. j?grjg&d  bVsed  Jiilht 


The  terminology  gUs;=  worked  fused  silica  as  used  in  this  report 
refers  to  clear  or  translucent  silica  prepared  by  melting  tjuarta  under 


,  1 


L  f 


extremely  high  temperatures  and/or  vacuum  to  remove  air  and  give  a  dense 
transparent  or  translucent  product.  This  type  of  product  is  used  primarily 
for  optical  and  chemical  applications. 

3.3.2  Fused  Silica  Foam 

Two  types  of  fused  silica  foam  are  commercially  available. 

(1)  Closed  pore  glassy  foam  can  be  prepared  by  carbonaceous  forming  of  a 

silica  melt.  (2)  Open  pore  foam  is  prepared  by  entraining  air  in  fused  silica 

slip  at  room  temperature,  following  by  drying  and  sintering.  This  type  of 

open  pore  fused  silica  foam  can  be  produced  in  a  range  of  densities  from 

25  lb/ft  up  to  the  density  of  slip-cast  fused  silica.  It  is  available 

3 

commercially  in  densities  of  30  and  50  Ib/ft  .  Property  data  given  in  this 

3 

manual  for  fused  silica  of  less  than  1 15  lb/ft  density  is  for  open  pore 


fused  silica  foams. 
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CHAPTER  IV 

SLIP-CAST  FUSED  SILICA  PROPERTIES 

4.1  Introduction 

The  thermal  and  electrical  properties  of  sintered  slip-cast  fused  silica 
are  density  dependent  but  may  vary  somewhat  due  to  the  type  and  size  of  pores 
present.  The  mechanical  properties  are  generally  density  dependent  but  may 
vary  more  due  to  the  degree  of  sintering.  The  degree  of  sintering  is  dependent 
on  particle  size  distribution  and  solids  content  of  the  fused  silica  slip, 
impurity  levels  in  the  fused  silica  grain  used  to  make  the  slip,  other 
impurities  picked  up  during  processing  of  the  slip  aiu.  the  slip-cast  piece, 
sintering  time  and  sintering  temperature.  Sintering,  as  discussed  in  Chapter/ 
III,  is  limited  by  the  competing  process  of  crystalline  grain  growtfr^ 
(cristobalite) .  The  growth  rate  of  cristobalite.  can  be  so  rapid  as  to  prevent 
optimum  sintering  (See  3.5);  in  this  case,  maximum  densities  and  strengths  will 
not  be  reached.  Because  the  density  of  cristobalite  is  2,36  gm/cc,  relatively 
large  quantities  of  cristobalite  will  increase  the  bulk  density  of  the  overall 
cast  piece  but  the  piece  will  have  a  large  rorosity  and  will  have  very  little 
strength  due  to  the  inversion  and  volume  change  of  cristobalite  in  cooling  to 
room  temperature. 

Other  major  material  factors  that  affect  the  strength  values  obtained  for 
a  given  ceramic  material  are  microstructure,  surface  finish,  and  specimen  size. 
In  addition  certain  external  conditions  also  influence  the  strength  value. 

The  conditions  which  are  most  critical  are  test  temperavuic  and  the  various 
factors  involved  in  processing  the  ceramic  product.  Finally,  the  test  method 
used  to  obtain  the  strength  data  also  influences  the  magnitude  and  repro- 
ductibility  of  the  data. 
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4.2  Mechanical  Properties 


4.2.1  Room  Temperature  Properties 


4. 2. 1.1  Elastic  Modulus.  The  room  temperature  elastic  modulus  of 
slip-cast  fused  silica  has  been  determined  dynamically  on  hundreds  of  slip- 
cast  fused  silica  specimens  of  both  "high  purity"  and  commercial  grade. 

Static  elastic  modulus  measurements  have  been  made  on  a  smaller  number  of 
samples,  but  these,  in  general,  agree  well  with  dynamic  measurements  and 
are  usually  within  5  to  8  per  cent. 

Elastic  modulus  is  a  function  not  only  of  density  but  also  of  how  well 
the  specimen  is  sintered.  Figure  4-1  shows  the  room  temperature  dynamic 
elastic  modulus  with  respect  to  bulk  density  for  numerous  "high-purity"  and 
commercial  grade  specimens,  and  Figure  4-2  shows  elastic  modulus  as  a  function 
of  density  for  both  slip-cast  and  foamed  "high-purity"  fuse-’  silica. 

As-cast  and  dried  "high-purity"  slip-cast  fused  silica  has  a  density  of 
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113  to  115  lb/ft  and  a  dynamic  elastic  modulus  of  4  to  5  x  10  psi.  Under 

initial  sintering  there  is  very  little  increase  and,  in  some  cases,  a  slight 

decrease  in  density  while  the  elastic  modulus  is  increasing  rapidly  to  1.8 
6 

..'to  2.0  x  10  psi.  As  sintering  continues  bulk  density  begins  to  increase 
and  elastic  modulus  continues  to  increase  but  at  a  decreasing  rate.  For 
high-purity  slip-cast  fused  silica,  the  rate  of  increase  with  bu'>;;  density 

3 

becomes  logarithmic  from  about  124  lb/ft  to  nearly  theoretical  density  of 

3 

139  lb/ft  .  This  portion  of  the  curve  can  be  described  in  terms  of  porosity 
by 


E  u  (10.5  x  10°)e“3,2P 
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where  p  »  volume  fraction  pores. 


slip-cast 
O  material 


■> — ....  ,1 _ I - 1  -J_ .  I  l 

0.8  1.0  1.2  1.4  1.6  1.8  2.0 

BULK  DENSITY  (gm/cc) 


FI  fistic  Modulus  with  Respect  to  Density  (’nr  , 
Ip-i'ast  Fused  i'll  ins  from  '10  to  llo  id/ ft.  \ 


A  straight  line  connecting  the  upper  portions  of  the  slip-cast  and  foam 
data  in  Figure  4-2  is  also  described  by  Equation  (1).  Walton  1/  suggests 
that  the  exponent  for  any  ceramic  should  be  in  the  range  -4p  to  -7p  and 
Gannon  et  al.  2/  used  a  value  of  -6,6p  to  describe  the  elastic  modulus  curve 
they  obtained  for  technical  grade  silica.  The  exponent  of  -3.2p  indicates  a 
vast  improvement  in  elastic  modulus  over  previous  work.  By  starting  with  a 
foam  composition  rather  than  slip-cast  material  it  is  possible  to  sinter  "high- 
purity"  rebonded  fused  silica  to  maximum  modulus  of  elasticity  at  any  density 
between  60  and  124  lb/ft^. 

The  points  plotted  on  Figure  4-1  are  for  sintering  temperatures  of  2100°, 
2200°,  2250°  and  2400°  F  for  various  sintering  times.  Elastic  modulus  versus 
sintering  times  for  three  "high-purity"  slips  is  shown  in  Figure  3-12.  The 
points  in  Figure  4-1  are  for  several  3lips  of  varying  mean  particle  size.  The 
significance  of  this  is  that  the  majority  of  "high-purity"  slips,  cast  and 
sintered  to  the  same  density  will  vary  only  slightly  in  -jlastic  modulus  even 
though  the  two  slips  reach  the  same  density  at  different  times,  A  very  coarse 
or  very  fine  slip  may  vary  somewhat  at  the  lower  densities,  but  should  follow 
the  curve  shown  in  Figure  4-1  above  124  lb/ ft  , 

The  curve  for  the  technical  grade  slip  shown  in  Figure  4-1  reaches  a  maximum 
between  120  and  122  lb/ft  then  falls  off  rapidly.  This  rapid  drop  in  elastic 
modulus  is  attributed  to  the  formation  of  large  quantities  of  cristobalite. 

The  drop  appears  to  occur  after  the  formation  of  approximately  25  volume  per 
cent  cristobalite.  The  large  volume  change  accompanying  the  cristobalite 
inversion  destroys  the  integrity  of  the  test  specimen  causing  the  elastic 
modulus  to  show  a  decrease.  The  high-purity  material  does  not  show  a  decrease 
until  after  theoretical  density  of  approximately  139  lb/ft  is  reached. 
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Densities  greacer  than  139  lb/ft  can  be  achieved  because  the  density  of 
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cristobalite  is  approximately  147  Ib/ft  .  At  values  above  139  lb/ft  elastic 


modulus  drops  rapidly. 


4. 2. 1.2  Modulus  of  Rupture.  The  dynamic  measurement  of  elastic 


modulus  is  rather  insensitive  to  small  surface  and  interior  flaws,  hence 


good  agreement  is  obtained  from  sample  to  sample  as  long  as  density  is  constant 


and  the  specimens  are  well  sintered.  This  is  not  the  case  will  modulus  of 


rupture  or  transverse  strength.  The  values  obtained  for  modulus  of  rupture 


are  dependent  on  the  type  of  test  loading,  surface  condition,  geometry  and 


sisse  (volume)  of  the  test  specimen. 


A.S.T.M,  Designation  C674,  '’Flexural  Properties  of  Ceramic  Whiteware 


Materials,"  calls  for  the  use  of  three-point  leading  in  determining  modulus 


of  rupture  of  circular  or  rectangular  cross •reetion  specimens.  However, 


experience  has  shown  chat  three-point  loading  gives  a  higher  m-an  strength 


and  a  larger  deviation  than  does  four-point  leading.  This  occurs  because 


of  tho  small  volume  under  maximum  stress  in  fcUrciO-point  lending. 


The  calculation  of  modulus  of  rupture ,  whether  three-point  or  four-point 


loading,  is  made  by  the  use  of  the  equation 


7m  1 


(4-2) 


«  failure  stress  (modulus  of  xupturv) 


M  «  bending  moment  at  failure  point 


c  n  distance  from  neutral  axis  to  the  failure  surface 


T  »  moment  of  inertia  of  the  cross  section  under  the 


bending  moment. 
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The  use  of  this  equation  assumes  the  transverse  plane  at  the  point  of  the 
calculation  remains  as  a  transverse  plaue  after  bending,  e.g.  the  material 
is  homogeneous,  obeys  Hooke's  Law,  and  the  stress  field  is  linear  as  a 
function  of  distance  from  the  neutral  axis. 

The  above  equation  and  assumptions  are  adequate  for  four  point  loading 
modulus  of  rupture  determinations.  However,  when  three  point  loading  is 
used,  a  corrective  factor  must  be  applied  to  the  basic  equation  to  account 
for  the  "wedging"  effect.  As  reported  by  Shook  3/  the  following  equations 
have  application  to  this  end 

Me  a  », 

aMR  °  T~  “  S  V  (rectangular  bar)  (4-3) 

°MR  “  ^  “  In  (circular  bar)  (4-4) 

■where.  - 

h>  depth  of  bar  in  direction  of  load  at  failure  point 
d  *  diameter  of  bar  at  failure  point 
i  *  extrema  support  span  distance 

It  is  apparent  from  these  equations  that  uncorrected  three  point  loading 
■  modulus  of  rupture  calculations  will  always  yield  strength  values  greater  in 
magnitude  than  will  four  point  loading  modulus  of  rupture  determinations  on 
identical  s&ssplea. 
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Because  of  the  above  reasons  the  majority  of  test  data  on  both  commercial 
grad©  and  "high  purity"  slip-cast  fused  silica  has  been  obtained  on  round 
tost  bars  nominally  3/4- inch  in  diameter  and  6  inches  in  length.  These  bars 


'-  “k'.Kr=»3savr.t*K  h.hb>k»>i,v 


were  loaded  to  breaking  using  1/4  point- four  point  loading  with  a  4- inch 
lower  span  and  a  2-inch  upper  span.  Loading  rate  was  6000  pounds  per  minute. 
Using  this  type  of  test  there  is  still  a  large  data  spread  as  shown  by  the 
curve  in  Figure  4-3,  The  points  shown  are  for  various  "high  purity"  fused 
silica  slips.  An  even  larger  spread  in  data  occurs  with  technical  grade 
materials  because  of  the  variation  in  rate  of  cristobalite  formation. 

Figure  4-4  shows  modulus  of  rupture  versus  bu’h  density  for  a  good  technical 


>  grade  slip  (one  that  duvitrifies  slowly).  The  other  individual  points  are  the 

£i 

|  median  values  with  95  per  cent  confidence  intervals  for  a  number  of  different 

W 

fj  commercial  slips.  It  should  be  noted  that  the  main  reason  for  this  variation 

|  is  the  rate  of  devitrification.  It  is  hypothesised  that  devitrification 

|  begins  at  the  surface  and  proceeds  inward  with  time.  This  hypothesis, 

|  '  . 

I  explains  why  the  modulus  of  rupture  (Figure  4-3)  begins  to  drop  in  the  high 

purity  material  above  a  density  of  2,02  gm/ee  while  the  elastic  modulus 

(Figure  4-1)  is  still  increasing.  The  small  amount  of  cristobalite  at  the 


I  surface  is  insufficient  to  affect  the  elastic  modulus  hut  can  cause  micro- 

| 

g  cracking  of  the  surface*  thus  drastically  reducing  modulus  o£  rupture. 

I  Cristobalic*  build  up  in  the  commercial  material  is  so  rapid  that  the  elastic 

|  ’  • 

I  modulus  begins  to  dtek  almost  simultaneously  with  the  drop  in  modulus  of 

I  rupture. 

I 

| 

|  The  effect  of  crisfcobaHto  on  modulus  of  rupture  is  related  to  density. 

&  '  ‘ 


Less  dense  material  can  tolerate  considerably  more  eviscebaHte  than  4e«s*> 


■If 

l  1 

|  material.  A  commercial  material  with  a  density  in  the  range  of  US  to  US  lb/ ft 

•S  •  • 

1  may  in  soou  few  cases  contain  up  to  25  volume  per  cent  cristobalite  before  any 

S  ’  - 

1  effect  on  transverse  strength  is  noted.  Usually  12  to  15  per  cent  is  regarded 

fj  ‘ 

|  as  the  upper  limit  for  satisfactory  performance  4/.  a  slip- cast  fused  silica 
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body  with  a  density  in  the  range  of  122  to  128  lb/ft  may  show  deleterious 
effects  on  modulus  of  rupture  with  as  little  as  one  to  two  volume  per  cent 
cristobalite. 

Removing  the  as-cast  and  fired  surface  layers  from  fused  silica  test 
specimens  can  cause  a  marked  improvement  in  transverse  strength.  The  improve¬ 
ment  comes  about  not  only  from  removing  surface  cristobalite  but  also  from 
removing  other  imperfections  on  the  as-cast  surfaces.  Reducing  the  total 
volume  under  maximum  stress  will  also  show  an  apparent  increase  in  strength. 

Table  4-1  shows  the  effect  of  machined  surfaces  and  volume  size  c.. 
transverse  strength  for  two  different  slip-cast  fused  silicas. 


-  TABLE  4-1 

SURFACE  AND  VOLUME  EFFECTS  ON 
MODULUS  OF  RUPTURE  OF  SLIP-CAST  FUSED  SILICA 


Density 

Specimen 

Geometry 

Surface 

Finish 

Size 

Breaking  Span 
Upper/Lower 

Modulus  of  Rupture 

(inch) 

(inch)/ (inch) 

2.06 

Round 

Aa-cast 

3/4  D  x  6 

2/4 

4597  ±  803 

2.06 

Round 

Ground  & 
polished 

i.6  D  x  6 

2/4 

5920  ±  249 

1.96 

Round 

As-cast 

3/4  D  x  6 

2/4 

4860  ±  260 

1.96 


Rectan-  Machined  1/4  x  1/8  x  2-1/4 
gular 


1/2 


9330  ±  380 


24,000  to  54,000  psi  for  technical  grade  material  and  30,000  to  54,000  psi 
for  "high-purity'*  slip-cast  fused  silica.  Room  temperature  compressive 
strength  is  shown  as  a  function  of  density  for  specimens  of  similar  material 
tested  at  Georgia  Tech  6/  and  at  Southern  Research  Institute  l_f  in 
Figure  4-5. 

4. 2. 1.4  Tensile  Strength.  Fleming  5/  reported  a  room  temperature 
tensile  strength  of  4300  psi  for  technical  grade  slip-cast  fused  silica. 
Southern  Research  Institute  reported  values  of  2500  to  4300  psi  for  the 
technical  grade  and  2200  to  4300  psi  for  the  high-purity  slip-cast  fused 
silica  ]_l • 

These  specimens  were  all  of  the  "dog  bone"  type  and  were  loaded  by 
a  straight  pull. 

Using  the  hydrostatic  ring  tensile  test  developed  by  Sedlacek  8/, 
rings  were  fabricated  with  inside  diameters  of  5-3/4,  16-1/2  and  29-1/2 
inches  9/.  These  rings  were  stressed  to  failure  with  the  results  shown  in 
Table  4-2.  All  rings  were  prepared  from  the  same  fused  silica  slips  and 
sintered  as  nearly  as  possible  under  the  same  conditions.  The  fracture 
strength  of  these  rings  showed  a  consistent  variation  with  volume,  becoming 
smaller  as  the  volume  increased.  This  is  typical  of  brittle  ceramic  materials 
and  indicates  that  slip-cast  fused  silica  probably  follows  a  Weibull 
statistical  distribution  law;  however,  additional  data  is  required  before 
reliable  values  of  the  statistical  parameters  can  be  established. 

4,2,2  Elevated  Temperature  properties 

The  strength  of  fused  silica  has  long  been  known  to  show  a 
substantial  increase  with  temperature  10,11/.  The  reason  for  this  increase 
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is  not  clear.  Stress  relief  by  plastic  flow  at  highly  stressed  points  neat- 
surface  flaws  is  possible  since  plastic  flow  under  deformation  has  been 
demonstrated  even  at  room  temperature  12,13/.  Since  the  strength  increases 
essentially  constantly  as  the  temperature  is  increased  while  the  viscosity 
shows  a  very  slow  change  12/,  this  is  unlikely'  to  be  a  predominant  mechanism. 
A  structural  rearrangement  has  also  been  suggested  14/.  One  mechanism,  which 
has  been  suggested,  is  that  surface  flaws  resulting  from  thermal  shock  of  the 
cristobalite  formed  during  fabrication  become  filled-in  as  the  cristobalite 
expands  on  heating.  As  these  flaws  are  filled  by  the  expanding  cristobalite, 
they  become  more  mechanically  stable  end  tend  to  act  less  as  stress 
concentrators  15/. 

4. 2. 2.1  Elastic  Modulus.  Data  on  the  modulus  of  elasticity  of 
slip-cast  fused  silica  at  elevated  temperatures  are  very  limited.  However, 
moduli  determined  from  static  data  appear  to  decrease  with  temperature 
while  moduli  measured  from  sonic  resonance  data  appear  to  increase  with 
temperature.  Figure  4-6  gives  values  for  static  elastic  modulus  as  a 
function  of  temperature. 

4. 2. 2. 2  Modulus  of  Rupture.  The  modulus  of  rupture  versus  tempera¬ 
ture  for  technical  grade  and  high-purity  silica  slios  are  shown  in  Figure  4-7. 

4. 2.2.3  Tensile  Strength.  The  tensile  strength  of  both  technical 
grade  and  high-purity  slip-cast  fused  silica  is  shown  in  Figure  4-8. 

4. 2. 2.4  Compressive  Strength.  Values  for  compressive  strength  of 
both  high-purity  and  technical  grade  material  with  respect  to  temperature  art; 
shown  in  Figure  4-9, 
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6.  Flexural  Modulus  of  Nlastieity  versus  Temperature  for 
Slip-Cast  Fused  Silica.  (Reference  7*  page  1*8.) 
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Figure  U-7.  Modulus  of  Rupture  versus  Temperature  for  Slip-Cast 
Fused  Silica.  (Reference  7*  page  1*7 . ) 
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Figure  l*-8.  Tensile  Strength  versus  Temperature  for  Slip-Cast 
Fused  Silica.  (Reference  7,  page  33.) 
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Figure  'Compressive  strength.  verms  Temperature  for  High 
Purity  and  Technical  Grads  Slip-Cast  Fused  Silica. 
(Reference  7. ) 
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4. 2. 2.5  Poisson’s  Ratio.  Poisson's  ratio  with  respect  to  tempera¬ 
ture  is  shown  in  Figure  4-10  for  transparent  and  slip-cast  fused  silica. 

The  Fleming  and  Coming  data  were  taken  from  sonic  resonance  measurements. 

The  broad  band  of  values  is  based  on  optical  strain  measurements,  and 
reflects  the  increasingly  plastic  nature  of  the  material  above  its 
sir  ring  temperature. 


4.3  Physical  Properties 


4.3.1  Thermal  Expansion 

Fleming  5/  discussed  thermal  expansion  of  fused  silica  at  some 
length  and  based  differences  in  expansion  on  the  equilibrium  temperature. 
Figure  4-11  was  presented  in  this  discussion,  and  it  was  suggested  that  the 
equilibrium  temperature  for  glass-worked  silica,  which  this  data  represents, 
is  in  the  neighborhood  of  2300“  F.  Fleming  further  suggested  that  since  the 
processing  temperature  of  slip-east  fused  silica  is  2200“  F  for  sufficient 
time  to  reach  an  equilibrium  density,  then  the  equilibrium  temperature  is 
near  2200°  F  and  expansion  data  should  fall  slightly  below  Die  points  in 
Figure  4-11.  Actual  measured  data  on  slip-cast  fused  silica  is  also  displayed 
in  Figure  4-11.  It  can  be  seen  that  the  data  for  technical  grade  slip-cast 
material  falls  below  the  glass-worked  fused  silica  points.  However,  the 
data  for  the  high-purity  slip-cast  material  falls  above  the  glass-worked 
fused  silica  points.  The  reason  for  this  is  not  apparent  but  may  be  due 
to  Inaccuracies  in  measurement.  Although  the  variation  in  coefficient  of 
thermal  expansion  are  quite  small,  in  some  cases  the  differences  may  be 
critical.  In  an  atvlysis  of  thermal  shock,  for  example,  the  stress  could 
be  different  by  a  factor  of  two  or  more. 
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The  thermal  expansion  or  slip-cast  fused  silica  cannot  be  measured  accurately 
at  temperatures  very  much  above  the  processing  temperature  of  2200°  F. 

Figure  4-12  shows  the  thermal  expansion  of  a  technical  grade  and  high-purity 
grade  of  slip-cast  fused  silica  measured  using  a  graphite  dilatomcter.  At 
temperatures  above  2200°  F,  thermal  expansion  appears  to  decrease  rapidly; 
however,  thts  is  in  reality  further  donsification  with  permanent  contraction 
of  the  test  specimen. 

4.3.2  Viscosity 

Fleming  j>/  produced  the  curve  shown  in  Figure  1-1  for  viscosity  of 
fused  silica  with  respect  to  temperature  using  a  number  of  data  sources. 
**»*Phy  W  established  viscosity  curves  with  respect  to  time  for  High-purity 
and  technical  grade  slip-east  fused  silica.  This  data  is  slnwn  in 
Figures  4- U  and  4-14,  It  can  be  seen  by  comparing  these  two  figures  with 
Fleming's  data  (Figure  1-1)  that  there  is  good  agreessent  for  short  times  at 
temperature .  however,  as  tiwe  increases,  particularly  .for  tesspe.tatutro  above 
2200*  F  the  viscosity  iuereases,  this  increase  in  viscosity  with  tie*?  tan  he 
attributed  to  structural  (crystal line)  changes  in  Use  material.  Cristofealite' 
deteteiiations  for  each  temperature  after  testing  are  shown  in  Figure  4*15, 

& ,  3 , 3  Hie  rtsa  1  £on due  s 1  v  i  t  y 

the  thermal  conductivity  of  fused  silica  is  structure  dependent. 
Since  slip-east  fused  silica  is  noreus,  it  e^.tains  nwsseruus.  air- packets  which 
are  utwiii  enough  not  to  be  subject  to  internal  c  doves  tiett  currents  Iwt 
nuaorous  enough  to  have  #  significant  cff--ct  in  lowering  the  conductivity. 

As  a  result,  two  Utcnu t  conductivity  >i  the  slip-east  satcrial  is  tower  titan 
that  of  the  glass-worked  ssaierial.  At  elevated  temperatures,  radiation 
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Figure  lt-13.  Variation  of  Viscosity  with  Time  for  Technical 
Slip-Cast  Fused  Silica. 
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figure  h-U.  -Variation  of  Viscosity  with  Time  for  High  Purity 
Slip-Cast  Fused  Silica. 


'  :•  *'* 


"M 


'.'3 

/•  :•  ^ii|s 


*.’•  ■  •  '"*3 


_  60 
O 


5  so 


TEMPERATURE  <°C) 
1208  1260 


uo°  2100  2200  2300  2400 

1E3T TEMPERATURE  (°F) 

Figure  U-15 .  Cristobaiite  Levels  in  High  Purity  and  Technical  Grade 
Slip-Cast  Fused  Silicas  after  Viscosity  Tests. 


contributes  essentially  nothing  to  the  thermal  conductivity  of  the  slip-cast 
material  but  contributes  considerably  in  the  case  of  the  glass-worked  material. 
As  a  result,  the  two  classes  of  fused  silica  differ  considerably  in  thermal 
conductivity  above  180C°  F.  The  thermal  conductivity  of  the  slip-cast  material 
is  primarily  a  function  of  density  (porosity)  and  is  shown  with  respect  to 
temperature  for  several  densities  in  Figure  4-16. 

There  is  considerable  interest  in  thermal  conductivity  data  for  slip-cast 
fused  silica  at  temperatures  above  t.he  normal  processing  temperature  (2200°  F) 
and  even  to  temperatures  approaching  4000°  F.  Most  of  this  interest  centers 
around  aerospace  applications,  where  atmospheric  heating  occurs  on  re-entry 
and  for  other  hypersonic  vehicles  operating  in  the  atmosphere.  This  heating 
at  a  high  heat  flux  is  usually  over  a  small  area  of  the  radome  or  leading 
edge  and  lasts  for  only  a  few  seconds.  Thermal  conductivity  measurements  on 
slip-cast  fused  silica  above  the  processing  temperature  using  conventional 
guarded  hot  plate  thermal  conductivity .equipment  would  be  meaningless.  This 
type  of  equipment  requires  that  equilibrium  conditions  be  reached  before  each 
measurement*  This  requires,  that  the  sample  be  at  temperature  for  a  lengthy 
period.  ,  If  the  sample  is  above  the  processing  temperature,  two  events  are 
occurring  simultaneously  which  render  the  data  meaningless.  First,  the  entire 
specimen  is  densifytng  due  to  further  sintering,  and  secondly,  crystallization 
(cristobalice)  formation  is  occurring.  The  result  is  that  such  data  is  not 
representative  of  the  material  or  conditions  to  be  expected.  A  hypersonic 
radome  would  be  densified  to  only  a  finite  depth  from  the  surface,  depending 
on  the  heat  flux  and  time  of  exposure.  Bomat  19/  has  developed  equations 
and  constants  to  predict  thermal  conductivity  density  and  heat  capacity. 

The  experimental  set-up  by  Bassett  and  Bomar  20/  to  measure  dielectric 
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Figure  4-l6,  Thermal  Conductivity  of  Slip-Cast  Fused  Silica  at 
Various  Porosity  Levels  18/ . 
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properties  of  ceramic  materials  is  not  unlike  atmospheric  heating  of  a  radome. 
These  utilize  a  high  heat  flux  on  a  portion  of  one  side  of  a  rotating  flat 
plate.  Heating  in  this  manner  results  in  rapid  densificaticn  of  the  surface 
being  heated  and  also  in  a  density  and  temperature  gradient  through  the  slab. 
While  being  heated,  the  plate  is  expanding  due  to  thermal  expansion  and 
receding  due  to  densif ication. 

In  order  to  calculate  the  temperature  profiles  and  sample  thickness,  a 
solution  to  the  two-dimensional  transient  heat  conduction  equation  for  a 
slab  of  finite  thickness  with  time  and  temperature  dependent  properties  and 
with  a  receding  or  expanding  surface  is  required.  This  equation  is  developed 
from  the  energy  equation  in  conjunction  with  the  continuity  and  momentum 
equations  as  described  in  Bird,  Stewart,  and  Lightfoot  21/.  Because  of  the 
experimental  method  used  to  heat  the  sample,  the  heat  fluxes  in  the  radial 
and  angular  directions  are  assumed  to  be  small  and  thus  may  be  neglected. 
Further,  if  one  assumes  that  for  any  incremental  thickness  (Az)  the  corres¬ 
ponding  change  in  radius  (Ar)  is  very  small,  then  a  quasi  one-dimensional  heat 
conduction  problem  results  where  r  becomes  a  function  of  z  only.  The  physical 
situation,  then,  is  represented  by  the  following  equation  which  i3  an 
appropriate  modification  to  Bird  et  al.  for  a  pure  substance 

A  A 

p(T,t)  Cp(T)  nr2  jjjj  »  -  (V-rrr2q)  -  T/V  (||  nr2  (g|)  (4-5) 

where  T  is  temperature 
t  is  time 

r  is  radius  of  the  local  cross-sectional  area  at  any  z 
a  is  thickness 


p  is  density 
Cp  is  heat  capacity 
q  is  heat  flux 
V  is  specific  volume,  and 
P  is  pressure. 

Assuming  that  an  expanding/contracting  solid  may  be  treated  as  a  fluid  at 

DP 

constant  pressure,  the  quantity  —  is  equal  to  zero.  Further,  if  q  is  defined 
as  k(T,p)  — ,  then,  with  appropriate  mathematical  manipulation,  Equation  4-5 
reduces  to 


»a,t)  cpd>  (||  +  va  g) .  kd.p)  f  ct  |t)  +  h  <k<T-<>>  S>-  <4-6> 


Considering  the  group  k(T,p)  ^  (—^  in  Equation  4-6,  if  the  thermal 
expansivity  of  a  solid  in  the  radial  direction  is  defined  as 
and  an  appropriate  variable  change  is  made,  then  the  group  under  consideration 
reduces  as  follows: 


w.p>  i  fr>  ■ 2  \  <I>2. 

r 


(4-7) 


and  Equation  (4-7)  becomes 


(4-8) 


In  order  to  consider  the  change  in  thickness  due  to  a  change  in  density, 
the  continuity  equation  must  be  used.  This  equation  is  given  in  Bird  et  ul»  j!l/ 
as  follows: 
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(4-9) 


This  equation  and  Equation  4-8  provide  the  basis  to  obtain  the  thermal  profiles 
and  sample  thickness  as  a  function  of  time. 

In  order  to  solve  the  differential  equations  derived  above,  the  time  and 
temperature  behavior  of  certain  physical  and  transport  properties  of  the 
samples  must  be  known.  Analytical  forms  for  each  of  these  properties  are 
described  in  the  following  paragraphs. 

The  density  of  pure  crystalline  materials  is  a  function  of  temperature  and 
pressure  only;  however,  the  density  of  materials  formed  by  ceramic- powder 
metallurgical  techniques  is  affected  by  sintering.  This  is  especially 
important  for  slip-cast  fused  silica.  Because  sintering  is  a  function  of 
time  at  a  temperature,  cue  density  of  the  material  is  a  function  of  time  as 
well  as  temperature. 

A  general  equation  describing  these  phenomena  is  given  by  Bassett  and 
Bomar  19/ : 

P  “  h  -  <ptQ“  <V>>  <9  -  £>  +  pt0  (^f^)  (6-cPjt)  (4-10) 

3  3 

where  p  -a  density  (Lb/ft  or  gm/cm  ) 

t  o  time  (hr) 

^  »  ko  exp  (-AE/RT) 

0  B  It  (Qs  <T)  *  2tfr<T»dT 

®  . 
kQ  a  particle  size  base  constant  (hr*1) 
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AE  =  activation  energy  (Btu/lb-mole) 

R  =  gas  constant  (Btu/lb-mole  °R) 

T  =  temperature  (°R) 

<^z(T)  =  ■-  ~~  »  thermal  expansion  coefficient  (°R  =  a  +  bT  +  cT^  +  dT^ 

ut"  =  denotes  theoretical  properties 

"o"  =  refers  to  ambient  temperature. 

Slip-cast  fused  silica  can  be  assumed  to  be  isotropic  giving  9  =  -3jo(T)dT, 
Also,  for  simplicity,  cp^  can  be  taken  as  0  for  no  dependence  upon  a  temperature 
gradient  is  shown  in  the  data  available.  Finally,  pt  can  be  expressed  as 


Pt  =  pto  exp  (9)  (4-11) 

giving 

p  a  Ota  exp  (8)  -  (pto  -  fjo)  exp  (0  »  q^t),  (4-12) 

The  sintering  rate  of  slip-cast  fused  silica  has  been  obtained  from 
experimental  sintering  data  for  certain  high  purity  slips  22/,  Values  for  the 
constants  in  Equation  4-12  are  given  in  Table  4-3.  The  sintering  curves  shown 
in  Figure  4-17  were  calculated  using  Equation  4-12  and  agree  well  with  the 
oxpcriteen cal  data  at  2500*  and  2700*  F;  no  experimental  data  are  available 
above  2700*  T. 

The  thermal  conductivity  of  amorphous  or  glassy  materials  has  been 
reported  by  Jakob  23/  to  be  proportional  to  some  power  of  the  temperature, 
Jakob  also  showed  that  for  non-metal,  lie  crystalline  substances  the  theittvi l 
conductivity  was  inversely  proportional  to  temperature.  In  addition. 
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there  will  be  an  effect  on  the  thermal  conductivity  aue  to  a  change  in  density. 
At  temperatures  above  about  3000®  F,  fused  silica  rapidly  loses  any  porosity 
present  and  becomes  transparent.  Published  data  on  the  thermal  conductivity 
of  transparent  silica  at  high  temperatures  shows  exceedingly  poor  agreement  s»o 
that  an  investigator  has  almost  no  idea  which  value  he  should  use  in  heat 
transfer  calculations  above  3000®  ?. 

Bassett  and  Boraar  19/  were  required  to  calculate  temperature  profiles 
in  slip-cast  fused  silica  as  part  of  their  data  reduction  operation  for 
obtaining  high  temperature  dielectric  properties.  The  most  feasible  approach 
to  selecting  the  appropriate  value  of  thermal  conductivity  above  3000*  P  was 
to  include  embedded  thermocouples  in  their  sample  materials,  then  to  choose 
values  of  conductivity  which  gave  temperature  profiles  matching  the 
thermocouple  data. 

Their  data  have  been  used  to  aid  in  establishing  the  theraal  conductivity 
of  slip-cast,  fused  silica  shewn  in  Figure  4* Id,  this  figure  shows  conductivity 
as  a  function  of  tempera tore  and  density,  A  typical  radoae  will  have  an 
initial  density  nu  the  order  of  1.90  to  l, 95  t&xjm  . .  Above  2500*  F  this 
radosae.  will"  dens  if  y  rapidly  until  its  conductivity  approaches  that  of  clear 
fused  silica  near  3300'*  F.  The  lower  curve  in  Figure  4- IB  applies  when  heating 
is. sufficiently  rapid  that  any  particular  layer  of  silica  in  the  rado»e  vail 
is  in  the  testy,  ratu  re  range  2500*  to  3300*  F  for  about  10  ninutes  or  less.  . 
Flower  heating  rates  would  cause  the  lower  curve  to  lie  nearer  to  the  upper 
curve  at  temperatures  above  2500*  F« 

For  radce&e  calculations  with  relatively  high  heating  rates,  use  of 
the  lower  curve  in  Figure  4- IS  is  recesaseaded.  these  data  are  iistr.4  by 
the  following  equations: 
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where  a,b,c,d,  are  constants 

k  is  thermal  conductivity 
T  is  temperature  (’R) 

Values  of  the  constants  are  given  in  Table  4-4. 


TABLE  4-4 


CONSTANTS  FOR  THE  THERMAL  CONDUCTIVITY  FUNCTION 


Material 


4.767(10"1) 


-1. 828(10" 3) 


1.869(H)"11) 


4.3.4  Heat  Capacity 

Equations  developed  by  Bomar  19/  in  his  thermal  analysis  program  can 
also  be  used  to  predict  heat  capacity. 

The  heat  capacity  of  solids  is  a  function  of  temperature  and  pressure  only, 
provided  the  material  does  not  experience  a  phase  or  structural  change.  The 
thermal  history  or  time  dependence,  then,  is  of  no  consequence.  Since  the 
assumption  has  all  ready  been  made  that  the  pressure  dependence  of  the  solids 
is  negligible,  the  heat  capacity  function  may  be  represented  by  the 
following  equatior  for  a  given  temperature  range: 


Cp  *  a  +  bl’  +  c/T 


(4-14) 


This  equation  results  from  consideration  of  the  statistical  thermodynamic 
description  of  a  solid  and  is  discussed  in  detail  in  many  thermodynamic  texts 
-such ..as  Lewis  and  Randall  24/ .  This  equation  was  used  to  “fit”  existing 
experimental  data  for  slip-cast  fused  silica.  Values  for  the  constants  are 
given  in  Table  4-5.  Also  included  in  this  table  is  the  reference  for  the 
data  used.  Considerable  extension  of  the.  data  from  the' literature  to  the 
temperature  ranges,  required  for  this  work  was  made  by-  these -authors. 


TABLE  4-5 


CONSTANTS  FOR  THE  HEAT  CAPACITY  FUNCTION 


Material 


2.45(10"1) 


1.418(10~5) 


•2.50(10 ) 


Reference 


A  graphical  representation  of  these  data  is  shown  in  Figure  4-19.  Since  the 
heat  < apacity  of  fused  silica  varies  little  with  form,  il  can  be  compared  with 
Fleming's  compilation  of  data  for  glass-worked  silica  also  included  in 
Figure  4-19  along  with  experimental  data  obtained  at  Southern  Research 
Institute. 


4.3.5  Enthalpy 

Since  heat  capacity  data  are  usually  based  on  measurements  of  the 

% 

change  in  enthalpy,  enthalpy  data  will  show  the  same  agreement  as  heat  capacity 
data,  Fleming's  5/  compilation  of  data  for  glass-worked  fused  silica  is 
compared  with  Southern  Research  Institute's  7/  data  on  technical  and  high- 
purity  slip-cast  fused  silica  in  Figure  4-20. 


TEMPEBATUBE  (°F) 


4,3,6  Thermal  Diffusivity 

The  thermal  diffusivity  for  technical  grade  and  high  purity  slip-cast 
fused  silica  is  shown  in  Figure  4-21.  The  thermal  diffusity  for  30  and 
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50  lb/ft  fused  silica  foam  is  also  shown  on  this  figure. 

4,4  Electrical  Properties 

4.4.1  Resistivity 

Figure  4-22  shows  the  electrical  resistivity  of  a  technical  grade 
slip-cast  fused  silica  and  for  glass  worked  fused  silica.  The  low  value  of 
resistance  at  room  temperature  is  probably  due  to  the  presence-;of._moisture 
in  the  pores.  As  the  temperature  is  increased  moisture  is  expelled  and  the 
resistance  increases  at  high  temperatures  the  resistivity  of  slip-cast  fused 
silica  . is., nearly  that  of  the  glass  .worked  material,  , 

4.4.2  Dielectric  Constant  and  Loss  Tangent 


The  dielectric  constant  of  slip-cast  fused  silica  is  affected  . 
primarily  by  changes  in  density  and  temperature,  although  it  does  change  very 
slightly  with  frequency.  Impurities  have  little  effect  on  the  dielectric, 
constant;  hence,  there  is  little  difference  in  the  dielectric  constant  and 
loss  tangent  of  technical  and  high  purity  slip-cast  fused  silica  of  the  some 
density. 

The  loss  tangent  is  affected  by  moisture  and  impurities  in  the  silica. 

At  low  temperatures  moisture  can  result  in  u  high  loss  tangent.  At  high 
temperatures  the  loss  tangent  increases  more  rapidly  in  impure  material. 
Figure  4-23  is  a  plot  of  dielectric  constant  versus  density  for  room  tempera¬ 
ture  measurement  at  X-band  (9.375  GHz),  The  author  of  this  data  suggested 
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am  empirical  straight' line  curve  fit  which  is  valid  over  the  narrow  range  of 
density  presented  _26/ 


K'  =  1.61  p  +  0.183. 


(4-15) 


The  upper  dashed  line  provides  a  better  fit  to  data  collected  both  at  Georgia 
Tech  and  is  for  the  form 


K'  «  1.61  p  +  0.223 


(4-16) 


Over  a  wider  range  of  density  values,  the  log  mixture  rule  can  be  used: 


log  K  «  E  log  kj. 


(4-17) 


where  k^  »  dielectric  constant  phase  i 
*  volume  fraction  of  phase  i. 

if  one  assumes  only  two  phases,  SIO^  and  air,  neglecting  cvistobalite  and 
other  impurities,  the  equation  can  he  rewritten 


K# . .  (exp)  -r-2- 
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(4-18) 


where  k*  ^  *■  Dielectric  constants  o£  theoretics liv  dense  fused 

silica  at  any  frequency 
«  hulk  density  of  test  specimen 
°cheo  *  TheuraUeal  density  of  fused  silica. 
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For  theoretically  dense  fused  silica  measured  at  room  temperature  and  X-band 
frequency  the  dielectric  constant  is  3.85.  Using  this  value  Equation  4-18 
is  reduced  to 


K'  =  3.85  (exp)  (4-19) 
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where  p  =  bulk  density  in  lb/ ft  . 

Since  frequency  causes  only  slight  variation,  this  provides  a  method  for 
estimating  the  room  temperature  dielectric  constant  of  any  density  material. 
Figure  4-24  is  a  theoretical  curve  plotted  from  Equation  4-1*)  and  shows 
individual  points  measured  at  frequencies  of  7.5  to  50  GHs. 

The  effect  of  temperature  is  more  pronouneed.  Figure  4-25  shows  the 
dielectric  constant  with  respect  to  temperature  for  several  densities  of 
slip  -cast  fused  silica  measured  at  f>  Gtis  frequency.  Figure  4 -24  shows 
dielectric  constant  and  toss  tangent  data  for  two  slip-east  fused  silicas 
from  different  sources  and  with  different  densities,  and  for  a  glass-worked 
silica  as  well. 

The  majority  of  dielectric  measurements  have  been  limited  to  temperatures 
of  2500*  F  or  below;  however,  gas sett  and  Bomar  have  developed  a  technique  j*/ 
to  measure  dielectric  properties  of  ceramic  materials  at  temperatures  of 
4000*  f  and  above.  Figure  4-2?  sows  data  for  slip-cast  fused  silica  to 
4000s  ?,  The  rapid  increase  in  dielectric  constant  and  loss  tangent  between 
2500*  and  ’TOO*  F  is  due  to  densi fleet ion  due  to  rapid  sintering  at  these 


temperatures 
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